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In this thesis, I present the studies on fabrication, spectral and polarisation 
characterisation of fibre gratings with tilted structures at 45º and > 45º (namely 45º-
TFGs and ex 45º-TFGs throughout this thesis) and a range of novel applications with 
these two types of grating.  
 
One of the major contributions made in this thesis is the systematic investigation of 
the grating structures, inscription analysis and spectral and polarisation properties of 
both types of TFGs. I have inscribed 45º-TFGs in standard telecom and polarisation 
maintaining (PM) fibres. Two wavelength regions of interest have been explored 
including 1.55 µm and 1.06 µm. Detailed analysis on fabrication and characterisation 
of 45º-TFGs on PM fibres have also been carried out for the first time. For ex 45º-
TFGs, fabrication has been investigated only on low-cost standard telecom fibre. 
Furthermore, thermal responses have been measured and analysed showing that both 
types of TFG have low responsivity to temperature change. More importantly, their 
refractive index (RI) responses have been characterised to verify the high responsivity 
to surrounding medium. 
 
Based on the unique polarisation properties, both types of TFG have been applied in 
fibre laser systems to improve the laser performance, which forms another major 
contribution of the research presented in this thesis. The integration of a 45º-TFG to 
the Erbium doped fibre laser (EDFL) enables single polarisation laser output at a 
single wavelength. When combing with ex 45º-TFGs, the EDFL can be transformed 
to a multi-wavelength switchable laser with single polarisation output. Furthermore, 
by utilising the polarisation property of the TFGs, a 45º-TFG based mode locked fibre 
laser is implemented. This laser can produce laser pulses at femtosecond scale and is 
the first application of TFG in the field of nonlinear optics. 
 
Another important contribution from the studies is the development of TFG based 
passive and active optical sensor systems. An ex 45º-TFG has been successfully 
developed into a liquid level sensor showing high sensitivity to water based solvents. 
Strain and twist sensors have been demonstrated via a fibre laser system using both 
45°- and ex 45º-TFG with capability identifying not just the twist rate but also the 
direction. The sensor systems have shown the added advantage of low cost signal 
demodulation. In addition, load sensor applications have been demonstrated using the 
45º-TFG based single polarisation EDFL and the experimental results show good 
agreement with the theoretical simulation.  
Key words: fibre Bragg grating, tilted fibre grating, fibre laser, optical sensor, fibre 
sensor 
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1.1 Introduction 
 
Following the development of in-fibre Bragg gratings proposed by Hill et al in 1978 
[1], various fibre components, systems and applications based on such a technology 
have been investigated and developed. Numerous lightwave applications have been  
demonstrated using optical fibre grating based optical components such as fibre Bragg 
gratings (FBGs), long period gratings (LPGs), sampled fibre Bragg gratings (SFBGs) 
and tilted fibre gratings (TFGs). 
Clearly, as an in-fibre reflector, FBGs have found applications in optical filters, signal 
processing, dispersion management, fibre lasers and smart sensing etc. LPGs have 
been applied as gain equaliser in Erbium doped fibre amplifiers. SFBGs have been 
utilised providing access to multichannel filtering and communication source. In 
recent years, another important application of fibre gratings has been identified, which 
is the fibre grating based optical sensors.  
Various fibre optic sensors have been demonstrated using FBGs and LPGs to monitor 
and measure a wide range of physical parameters, such as axial strain, temperature, 
pressure, loading, bending etc. Based on the cladding modes coupling property, LPGs 
have shown unique sensor functionality in biological, medical and life science areas 
due to their inherent sensitivity to the refractive index of the external medium. 
Moreover, the research on new types of gratings and their corresponding applications 
has never slowed in pace. Compared to the conventional FBGs and LPGs, TFGs are a 
kind of relatively novel type of grating. These tilted structures are capable of coupling 
the forward propagating core mode into either forward or backward propagating 
cladding modes. Their potential applications include spectrum analysis [2], 
wavelength division multiplexing channel monitoring [3], EDFA gain flattening [4] 
and optical sensor interrogation systems [5-8]. Due to grating induced asymmetry of 
waveguide structures, TFGs normally exhibit a certain amount of polarisation 
dependency. With this unique property, various polarimetry device and systems have 
been implemented, i.e. in fibre polarimeter [9-10], polarisation dependent loss 
equaliser [11-12], in-fibre polariser [13] and various sensors [14-15].  
Nevertheless, more systematic investigation of TFGs especially gratings tilted at 45º 
and >45º are less common. This thesis summarises the work carried out for 
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fabrication, characterisation and application of 45º-TFGs and ex-45º TFGs. It presents 
detailed information on the inscription technique, spectral characteristics and 
polarisation properties. Inscription of both types of gratings in conventional single 
mode fibres have been conducted. For 45º-TFGs, inscription in both photosensitive 
and polarisation maintaining fibres has also been studied. This thesis firstly discloses 
the application of 45º-TFG and ex-45º TFG in fibre laser systems. Both continuous 
wave and pulse regimes have been covered. Furthermore, the roles of 45º-TFGs and 
ex 45º-TFGs in optical sensor systems have been investigated and presented. 
 
1.2 Overview of Thesis Structure 
 
This thesis consists of 6 chapters and detailed contents are listed below: 
Chapter 1 briefly mentions the development of in-fibre grating technologies and 
illustrates the motivation for the work carried out for my Ph.D research, followed by 
the thesis structure description. 
Chapter 2 serves as the literature review of the theoretical background of fibre grating 
technologies. This chapter reviews the photosensitivity theory of optical fibres 
followed by fundamental coupled-mode theory of fibre gratings including FBG, LPG 
and TFG. Recently developed Green function method for explaining TFG has been 
briefly reviewed. Subsequently, major grating fabrication techniques have been 
introduced followed by a general description of the fibre grating applications. 
Chapter 3 details the inscription and characterisation of both 45º and ex- 45º TFGs. 
Comprehensive analysis of the 45º-TFG inscription has been provided. A detailed 
report of the polarisation properties of both types of gratings is provided in this 
chapter. The grating reproducibility, thermal characteristics and refractive index 
responses are presented. Furthermore, the investigation of inscription of 45º-TFGs at 
1.06 µm region and in standard photosensitive, non-photosensitive and polarisation 
maintaining fibres with results on polarisation dependent loss and spectral 
characteristics have been given.  
 - 20 - 
Chapter 4 introduces the application of 45º and ex-45º TFGs in fibre lasers. With the 
application of the polarisation property of TFGs, various novel laser configurations 
have been developed, such as single-polarisation single-wavelength fibre laser and 
single-polarisation switchable multiwavelength fibre laser. Furthermore, a mode 
locked fibre laser using 45º-TFG has been demonstrated which deems to be the first 
demonstration of application of tilted gratings in nonlinear science. The laser can give 
out femtosecond scale pulses. 
Chapter 5 reports the application of 45º and ex-45º TFGs in optical fibre sensors. A 
passive liquid level sensor has been implemented using an ex-45º TFG. Then, fibre 
laser consists of an ex-45º TFG has been used as both strain sensor and twist sensor 
with further demonstration of low cost time domain signal demodulation method to 
interrogate the sensing signals. Finally, a loading sensor was described using a 45º-
TFG based fibre laser. 
 
Chapter 6 presents concluding remarks of this thesis and suggestions for future work. 
Finally, appendix with fibres used in this thesis followed by a list of reference and 
publications are presented. 
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2.1 Introduction 
This chapter will introduce the fundamental theoretical background, fabrication 
methods and applications of fibre gratings. The photosensitivity of optical fibre will 
be reviewed in the beginning of this chapter describing the mechanism of 
photosensitivity and methods for photosensitisation of optical fibres. After that, the 
coupled mode theory explaining the physics of FBG and TFGs will be given. 
Specifically, Green function method, as an alternative interpretation, will be employed 
to explain the behaviour of the TFGs, followed by the discussion on phase matching 
condition for the mode coupling mechanism of fibre gratings. Subsequently, a brief 
summary of fibre grating inscription techniques will be discussed, including two-
beam holographic, phase mask scanning and point-by-point technique. Finally, a short 
review of applications of fibre gratings will be presented followed by the conclusion 
of this chapter.  
2.2 Photosensitivity in Optical Fibres 
Photosensitivity generally indicates the chemical reaction, photoelectric reaction etc. 
undergoing when the matter expose to light energy. In optical fibres, photosensitivity 
mainly refers to the permanent change of refractive index in optical fibre resulting 
from UV radiation on the fibre core. The very first observation of photosensitivity in 
germanosilicate (Ge-Si) doped optical fibre was reported by Hill et al in 1978 [1]. Hill 
et al have also implemented a distributed feedback gas laser operating in the visible 
range of the optical spectrum with UV formed FBG. Since then, a couple of theories 
were reported to elucidate the mechanism. It has been found that the photosensitivity 
has dependency on wavelength and intensity of the irradiated light and the fibre core 
material. So far, there is still no sole model which could explain the phenomenon for 
all cases. The following sections will introduce the major theories of photosensitivity 
and routes to achieve photosensitivity enhancement. 
2.2.1 Point Defects  
Point defects are critical to optical fibres as they are strongly associated with the 
absorption band which may affect the transmission loss, nonlinear transmission [16-
17] and fibre fusing effect [18]. The defects are also believed to be the cause for the 
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photosensitivity phenomenon (colour centre model [19]) which will be discussed  in 
the photosensitivity mechanism section.  
2.2.1.1 Point Defects in Silica Glass 
The point defect of amorphous silica was firstly reported by Weeks in 1956 via the 
observation of narrow resonance in neutron irradiated quartz and silica using electron 
spin resonance (ESR) spectroscopy [20]. The 'E  centre was then identified [21]. By 
using ESR, Griscom pointed out three intrinsic defects in silica which are nonbonding 
Oxygen hole centre, peroxy radical and 'E  centre [22]. Several prominent absorption 
bands related to the intrinsic defects have been identified such as 180 nm (7.6eV), 173 
nm (7.2eV), 215 nm (5.8eV), 245 nm (5eV), 260 nm (4.8eV). It is also well known 
that fibre drawing induced defect has a characteristic absorption band at 630nm (2eV) 
[23]. 
2.2.1.2 Point Defects in Germanosilicate Fibres 
Early investigation on defect centres in germanosilicate fibres was carried out by 
Friebele et al in 1974 through ESR [24]. This primary experiment proposed the so 
called Ge(n) defect centres in addition to the well known SiE’ centres. Three 
absorption bands in germanosilicate fibres have been presented at 213 nm(5.8eV), 
281 nm (4.4eV) and 517 nm(2.4eV) whereby the 213 nm and 281 nm bands have 
been assigned to Ge(1) and Ge(2) centres respectively [25]. Recently, Hosono et al 
correlated the 195 nm (6.3eV) absorption band to GeE’ centre in germanosilicate 
glass using a ArF laser [26]. It is noticed that Germanium is well known for its two 
stable oxides GeO and GeO2. Thermodynamic prediction anticipates the Germanium 
Oxygen deficiency defects (GODC) centres are proportional to the concentration of 
GeO2. The suboxide GeO, stable at high temperature, may also exist as discrete 
molecules which was originally assigned to explain the strong UV absorption at 
240nm [27]. It is believed that the breakage of wrong bonds is the precursor of GeE’ 
defect centre. The schematic description of various GODC candidates is presented 
below in Figure 2.1. 
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Figure 2.1 Potential GODC varieties. 
2.2.2 Photosensitivity Mechanisms 
To date, various models have been established to explain photosensitivity 
phenomenon, such as ionic migration [28-29], electron charge migration [30], stress 
relief [31], permanent electric dipole [32], colour centre [19] and 
compaction/densification [33]. Among these, colour centre model and 
compaction/densification model are the two commonly accepted mechanisms of 
illustrating the photosensitivity in germanosilicate fibres. In this section, stress-relief 
model has also been briefly reviewed in the end. 
2.2.2.1 Colour Centre Model 
The colour centre model, initially proposed by Hand and Russell [19], states that a 
two-photon absorption (TPA) induced GODC (Ge-Si wrong bond in this case) 
breakage is related with the refractive index change in the germanosilicate fibres. The 
Ge-Si bond breakage partially bleaches out the UV absorption at 240 nm in the fibre. 
The free electrons produced by this effect can be trapped at other defect sites thus 
manifesting defect centres at longer wavelength (i.e. Ge(1)) and stronger transition 
(i.e. Ge(2)) with newly formed absorption band at 281 nm and 213 nm individually. 
The corresponding photo induced refractive index change follows the Kramers-
Kronig principle [34], expressed as following in Equation 2.1.  
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Where )(ωeffn∆  is the effective refractive index change at frequency ω  which is far 
from resonance, )'(ωαeff∆ is the effective change of absorption. The model 
demonstrated that the absorption change at 213 nm, 240nm and 281 nm bands can be 
used to explain and fit the refractive index change in the visible spectrum in the 
optical fibre under UV illumination. This model, describing the Ge-Si wrong bond 
breakage results in a change in absorption spectrum owing to the newly formed GeE’ 
centre, has been supported by various experimental measurements after its debut. 
Simmons et al [35] demonstrated a similar wavelength-dependent response for 
production of GeE’ centres and formation of Bragg gratings in germanosilicate fibres. 
Williams et al [36] reported the observation of UV bleached 240 nm absorption band 
in germanosilicate fibres and correlated the corresponding refractive index change via 
the Kramers-Kronig relationship. Further evidence on refractive index change related 
with absorption change was carried out by direct observation of 240 nm band 
bleaching under UV illumination in germanosilicate fibres [36] and UV irradiation 
induced UV spectral change in germanosilicate fibre preform [37-38]. Both 
experimental data were well fitted through the Kramers-Kronig principle. Additionally, 
Tsai et al [39] experimentally correlated the thermal stability of GeE’ centres and 
grating reflectivity indicating that GeE’ is related with the refractive index change in 
UV induced gratings. While Dong et al [40] performed a comprehensive examination 
of the photoinduced absorption change in germanosilicate preform providing support 
evidence to the colour centre model which can explain refractive index as high as 
~3×10-4. The colour centre model utilising the Kramers-Kronig principle provides 
great contributions in understanding the photosensitivity in germanosilicate fibres 
including the photosensitivity in Hydrogen loaded germanosilicate fibres. Tsai et al 
reported the contribution of GeH centre in refractive index change during FBG 
formation in Hydrogen loaded germanosilicate fibres using colour centre model [41]. 
Leconte et al [42] demonstrated a modified Kramers-Kronig analysis describing the 
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refractive index change as a function of pulse energy density. However, it does not 
explain all the experimental observations especially for large value refractive index 
change [43-45].  
2.2.2.2 Compaction/Densification Model 
The compaction/densification model manifests the laser irradiation induced material 
density change leading to refractive index change of optical fibres. Fiori & Devine [33, 
46] firstly presented that the existence of thermally reversible linear compaction in a 
100 nm thin-film amorphous silica samples grown on Si wafers. Using a KrF excimer 
laser irradiation to examine the sample below the macroscopic damage threshold, the 
thickness is found to reduce by ~16%. A linear increase in refractive index up to 20% 
has also been observed in the meantime. After annealing at 950 ºC for ~1hour in 
vacuum, the sample restored to its original thickness and refractive index value. This 
had been proved to be a general case for film thickness from 25 nm to 420 nm.  
Further exposure can result in irreversible compaction of the material. The obtained 
maximum compaction of ~ 36 % of the sample exhibits similarity to sample under 
hydrostatic pressure of 17 GPa. It also shows many physical characteristics resemble 
high density crystalline form of silica. Fiori & Devine demonstrated that the refractive 
index evolution of silica under hydrostatic pressure leads to good agreement with 
laser treated silica sample [46]. This indicates that the compaction induced by two 
different methods may share similar physical mechanism from which internal 
structure rearrangement in the material dominates the effect and not primarily through 
defect creation process. Rothschild et al [47] identified the laser induced microscopic 
volume change and colour centre absorption in fused silica at 193 nm irradiation. A 
permanent refractive index change of ~ 5×10-5 was observed regardless of the 
absorption due to the colour centre at 215 nm. Allan et al [48] reported an elastic 
theory model to characterise the intrinsic densification of fused silica implied by 
excimer laser at 193nm.  
The knowledge of compaction/densification in bulk fused silica opens the access to 
understand the refractive index change mechanism during the formation of fibre 
gratings. Poumellec et al [49] investigated the Bragg grating inscription in 
germanosilicate preform via interferometric microscopy. The refractive index 
modulation shows similar behaviour for both the fibre and preform. The conclusion is 
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that densification via the UV inscription could contribute ~ 7% of the refractive index 
increase of the sample. Using atomic force microscopy, Poumellec et al [50] also 
shows ~26% of refractive index increase of the germanosilicate preform sample can 
be counted as densification under CW UV radiation for Bragg grating inscription. 
Cordier et al [51] presented the first observation of densification by FBGs via 
transmission electron macroscopy. The results show that UV irradiated sections of 
nonhydrogenated germanosilicate fibre and Sn co-doped fibre exhibit dense areas 
inducing from the UV compaction. Hydrogenated fibre samples do not present 
densification. This suggests that photosensitivity enhancement in hydrogenated fibre 
is not mainly due to the densification of the optical fibre. Meanwhile, Sn co-doped 
fibre samples manifest a less densification than germanosliciate fibres. Fonjallaz et al 
[52] reported the UV induced tension increase during the inscription of FBG does not 
reduce the refractive index due to a large refractive index increment from possible 
glass matrix compaction. Limberger et al [53] quantified the stress and compaction 
induced refractive index change during the process of UV inscribed FBG. Their 
experimental results indicated that the compaction could raise the refractive index as 
large as 1.7×10-3 in a 12 % Germanium doped fibre from which this value is reduced 
by the photoelastic effect through the UV irradiation. A comprehensive review of 
densification involved photosensitivity in optical fibres is given by Douay et al [54]. 
2.2.2.3 Stress-relief Model 
In a typical germanosilicate fibre, because of the difference of the thermal expansion 
of the core and cladding, the core is under higher tensile stress as the fibre is cooled 
below the glass fictive temperature during the drawing procedure. It is well known 
that the refractive index will decrease through the stress-optic effect while stress-relief 
would, on the contrary, increase the refractive index. The postulation based on 
reduction of built-in thermo-elastic stress in the fibre core for explaining UV induced 
refractive index increase is called stress-relief model. It was first reported by Sceats et 
al [55] that during the UV irradiation, the wrong bonds breakage occurs to allow 
sufficient thermal energy to dilate the glass network so as to relax the tension 
therefore reducing the frozen-in stress in the fibre core. Considering the bonds have 
been stretched, this leads to a change in the electronic band gap in glass hence 
resulting in change in the refractive index. This index change could then be illustrated 
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by Kramers-Kronig relation. Further calculation of refractive index change based on 
stress-relief can be described by stress-optic effect. It is demonstrated that the 
refractive index change can be as high as 10-3 in a highly stresses fibre. This model 
has been experimentally proved by Wong et al [31]. However, Fonjallaz et al [52] and 
Limberger et al [53] later reported observation of a strong increase in the fibre tension 
during the UV inscription process which contradicts the model. 
2.2.3 Photosensitivity Enhancement of Optical Fibres 
Since the discovery of photosensitivity and realisation of fibre gratings in 
germanosilicate fibres, exceptional efforts have been made to enhance the 
photosensitivity in optical fibres. Three major techniques have been considered as the 
effective approaches to increase the photosensitivity in optical fibres including 
Hydrogen loading [56], co-doping [57], and flame brushing [58], which will be 
reviewed in this section. A recently reported photosensitivity increase by thermal 
treatment has also been briefly introduced [59]. 
2.2.3.1 Hydrogen Loading 
Hydrogen loading, also known as hydrogenation, was firstly reported by Lemaire et al 
[56]. This simple technique provides a highly effective way to enhance UV 
photosensitivity in optical fibres by employing low temperature, high pressure 
Hydrogen loading prior to grating fabrication. It does not require fibres with specific 
dopants or other special treatment. The temperature for soaking the fibres in 
Hydrogen gas ranges from ~21 ºC to ~75ºC with pressures from ~20 atm to ~750 atm. 
This results in Hydrogen molecules diffusing into the fibre core area to achieve at 
least 95 % of equilibrium when giving enough time for the soaking. The consequent 
average refractive index change of Hydrogen loaded optical fibre (standard fibre with 
~3 mol% germania and ~3.3 mol% Hydrogen) under UV exposure can increase by 
~3.4×10-3. Large index increment has also been observed in heated Hydrogen loaded 
phosphosilicate and alumnio-phosphosilicate core fibres. Almost every Hydrogen 
molecule interacts with each Germanium atom via UV light or thermal treatment via 
the OH absorption. This has also been proved to be independent on fibre or preform 
processing with similar germania concentration and could be applicable to any 
germanosilicate fibres. Loading phosphor-doped fibre with D2 (deuterium) and 
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applying thermal treatment proved the photosensitivity at 248 nm in this fibre for the 
first time [60]. Results have shown that due to the diffusion of molecular Hydrogen, 
there will be absorption peak at 1.24 µm when the fibres had been exposed to 1 atm 
pressure at 100 ºC [61]. One advantage of this method is in the non-UV exposed 
sections of the fibre, the residual Hydrogen can be diffused out afterwards leaving 
negligible loss at the telecom transmission band. 
Atkins et al have confirmed that thermal and photolytic treatment of the fibre can 
increase the OH level compared to photolytic treated only sample, for which no OH 
formation had been observed when using non-hydrogenated fibres under similar 
exposed conditions [62]. A simple mechanism to explain the photosensitivity is the 
forming of the GODC centres (240 nm band) via thermal treatment followed by UV 
bleaching of the GODC centres. However, other observations suggest that a more 
complex model might be required. In the beginning, the 240 nm band gets stronger (~ 
6 times) after thermally anneal a UV-radiated hydrogenated fibre sample at 800 °C 
while the non-hydrogenated sample only shows 240 nm band recovery to a lower or 
equal level of the sample prior to the UV treatment. Then, rapid and complete UV 
bleaching of the 240 nm band only occur in the hydrogenated sample indicates direct 
reaction of the Hydrogen with the defects. Moreover, hydrogenation induced OH 
formation was shown to introduce two closely spaced absorption bands which are 
1390 nm (Si-OH) and 1410 nm (Ge-OH) due to the involvement of both thermal and 
photolytic mechanisms [61, 63]. These two loss bands obviously generate extra losses 
in the modern telecom network window which is unwanted. Nevertheless, it has been 
found that deuterium loaded optical fibre could shift the UV-induced absorption band 
out of the telecom band. This is due to the OD (Oxygen deuterium) can shift the water 
absorption peak to ~ 1.9 µm [64]. Mizrahi et al have successfully demonstrated ~ 10 
nm wide Bragg grating in a deuterium loaded Erbium doped fibre with high 
Germanium concentration. The gratings exhibited low loss i.e. < 0.2 dB at the 
designated wavelength region [65]. However, practically speaking, the cost of 
deuterium in enhancing photosensitivity limits its application. 
2.2.3.2 Co-Doping 
Photosensitivity enhancement can be achieved by addition of other co-dopants into 
the germanosilicate fibre. A practical and widely used type of photosensitive fibre is 
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Boron-Germanium co-doped fibre. Williams et al [57] firstly reported that after CW 
argon ion laser irradiation, the Boron co-doped fibre (~15 mol% Ge) has a saturated 
index modulation of ~7×10-4 which is much higher than that of the standard fibre 
(~4mol% Ge) and high index fibre (~20 mol% Ge) from which the saturated index 
modulations are 3.4×10-5 and 2.5×10-4 respectively. Furthermore, the saturated index 
change was achieved much quicker in Boron co-doped fibres (~10 mins) compared to 
that in other type of fibres (>1hour). This suggests other mechanism exists for 
photosensitivity enhancement in Boron-Germanium co-doped fibres. UV absorption 
experiments confirm that the characteristic GODC absorption peak at 240 nm is 
independent of the involvement of Boron co-dopant. Neither the peak absorption nor 
the shape of the 240 nm band has been affected. This indicates that the Boron co-
dopant does not increase the photosensitivity by introducing extra GODC centres. 
This is supported by the fact that no other absorption peaks were observed in the UV 
region. 
It is well known that the introduction of Boron to silica glass can decrease the 
refractive index [66]. As such, Boron is normally added to the fibre cladding to form 
the waveguide with lower refractive index cladding area surrounding the high 
refractive index core region [67-68]. Experimental results state that lower refractive 
index in Boron doped silica glass can be obtained when the glass is quenched. 
Observation of refractive index drop from 0.025 to 0.003 was obtained when the 
preform was drawn into the optical fibre [57]. This can be well explained by the 
quenching effect because the drawing procedure induces natural quench of the optical 
fibres. The large difference in terms of thermo-mechanical properties between the 
Boron-doped fibre core and silica cladding may result in building-up of the thermo-
elastic stress which could further reduce the refractive index of the fibre core. 
Therefore, it is believed that the stress relaxation of UV induced wrong bonds 
breaking gives out refractive index increase leading to photosensitivity enhancement 
in Boron-Germanium co-doped fibres [52]. 
By balancing the Boron and Germanium concentrations, fibre suppliers are able to 
manufacture Boron-Germanium co-doped ultra-photosensitive fibres with matched 
numerical aperture to standard telecom fibres. However, owing to the co-doping of 
Boron, the co-doped fibres may exhibit an increase of birefringence by the Boron 
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induced stress resulting in difficulties in manufacturing the fibres [69]. Gratings 
written with CW lasers in Boron-Germanium (B-Ge) co-doped fibres also have a 
faster decay rate than low Germanium doped fibres [70]. Moreover, Boron induced 
loss (~0.1 dB/m) at 1550nm telecom window is also undesirable. However, for short 
gratings, this may not be of concern. 
As an alternative dopant, Tin can increase the photosensitivity with similar saturated 
refractive index change as of B-Ge co-doped. The reported experimental results 
indicate that Sn-Ge fibres based gratings exhibit similar thermal stability to 
germanosilicate fibre which is much more stable than B-Ge co-doped fibres. The 
negligible transmission loss at telecom window is another advantage of the Sn-Ge co-
doped fibre. The deduced refractive index change (~1.4×10-4) from inscribing a 
grating into such fibres shows 3 times larger refractive index change than in pure 
germanosilicate fibres [71]. Recently, K Oh et al [72] showed that Sb co-doped 
gernamosilicate optical fibre can exhibit ultra high photosensitivity compareable to B-
Ge co-doped fibre with higher thermal stability. The UV induced refractive index 
change more than 5×10-4 can be obtained. However, such fibres tend to produce high 
transmission loss (~5dB/m) at the telecom window region. 
2.2.3.3 Flame Brushing 
Another simple and effective technique for photosensitising optical fibres is flame 
brushing [58]. This technique was reported almost at the same time as the Hydrogen 
loading method. At the temperature of approximate 1700 ºC, the photosensitivity 
enhancement can be obtained through flame brushing at the designated region of 
optical fibre by a flame fuelled with Hydrogen and a small amount of Oxygen. The 
whole process takes ~ 20 mins to finish photosensitisation with a maximum effect 
under the laboratory condition. The high temperature allows Hydrogen to diffuse into 
the fibre core quickly forming GODC defect centres. A strong absorption band at 
240nm has been therefore created with enhancement of the photosensitivity of the 
fibre core area. This method has been proved to enhance the photosensitivity of 
standard telecom fibre by a factor of 10, resulting in refractive index changes of 
1.7×10-3 from which only 1.6×10-4 refractive index change can be obtained in the 
standard telecom fibre under the same UV fabrication condition. This technique also 
benefits from negligible low loss at the desired telecom transmission window.  
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The photosensitivity enhancement techniques of both flame brushing and 
hydrogenation basically share the same principle. Under both situations, Hydrogen is 
adopted as an active medium in a chemical reaction with optical fibres to form the 
GODC centres. Nevertheless, flame brushing offers permanent enhancement of 
photosensitivity, whereas in hydrogenation, the Hydrogen diffusion could reverse the 
photosensitisation process. Furthermore, as high temperature treatment is necessary 
for flame brushing, the fibre may suffer material weakening which could seriously 
limit the application of the devices for long term usage. 
2.2.3.4 Thermal Treatment of Co-doped Fibre for Photosensitivity Enhancement 
Very recently, Brambilla and Pruneri [59] reported enhanced photosensitivity in 
silicate optical fibres with various co-dopants by thermal treatments. The sample 
fibres were heated at 1800 °C in a furnace for 1 min followed by rapidly cooling 
down at room temperature. A pulsed KrF laser radiated at 248 nm was adopted to 
inscribe gratings in order to test the photosensitivity enhancement after the thermal 
treatment. This method shows large refractive index change in most of the 
Germanium or Tin co-doped silica fibres. With Germanium and Tin co-doped fibre, 
the UV induced refractive index change can be obtained as large as ~1.48×10-3. This 
is mainly because at high temperature, complicated chemical reactions facilitate the 
formation of GODC centres and other defects which will be then freezed in the glass 
network after cooling to room temperature therefore increase the UV absorption. UV 
absorption spectrum indicates the appearance of SnODC centres in fibre preform. 
This gives hint that SnODC could undergo similar effects as for GODC. However, 
this implementation does not seem to work with Ce and rare earth co-doped optical 
fibres. 
2.3 Fibre Grating Theory 
Theoretical analysis of fibre gratings is important for understanding and designing the 
gratings. Various mathematical treatments have been developed to model the grating 
behaviour. Coupled mode theory (CMT) is a widely adopted method to solve the 
problems [73-76]. This approach represents the grating behaviours via solving a set of 
first-order differential equations. Yamada et al [77] proposed a simulation technique 
using the transfer matrix. The principle of this method is to consider any grating 
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structure as a concatenation of definite small sections of uniform gratings therefore 
offering a fast and simple analysis tool for complex grating structures. Weller-Brophy 
and Hall [78] applied a technique presented by Rouard [79] for multilayer dielectric 
thin film to simulate fibre gratings. However, this method can not meet the need of 
modelling arbitrary refractive index modulation shape. Another alternative approach 
to grating simulation is Bloch wave method [80] which gives the exact eigenmodes 
solutions of the grating structure. In this section, CMT will be reviewed to interpret 
the grating behaviour. The derivations follow the work done by Erdogan [75]. Green 
function for modelling tilted grating will also be briefly reviewed at the end of this 
section.  
2.3.1 Coupled Mode Theory 
In an ideal case, the transverse component of the electric field of the propagating 
mode in an optical fibre can be written as a superposition of modes labelled with µ . 
Without any perturbation i.e. index modulation in a fibre grating or other non-
uniformity, the electric field is shown as following: 
 
Equation 2.2 [ ]∑ ⋅⋅−⋅⋅−⋅⋅ ⋅⋅⋅+⋅=
µ
ω
µ
β
µ
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µµ ti
t
zizi
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where )(zAµ  and )(zBµ  are slowly varying field amplitudes of the µ th mode 
propagating along the z direction forward and backward, individually. The transverse 
mode field ),( yxe tµ
r
 represents the bound-core, radiation mode or cladding mode. 
While in an ideal waveguide, the modes are orthogonal so that no energy exchange 
occurs. Nevertheless, the presence of a dielectric perturbation can facilitate the modes 
to couple such that µA  and µB  of the µ th mode evolve along the z axis according to: 
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In Equation 2.3 and Equation 2.4, tKυµ  stands for the transverse coupling coefficient 
between modes µ  and υ  given by: 
 
Equation 2.5 ∫∫
∞
∗
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Where ε∆  is the perturbation of the permittivity which roughly equals nn δ⋅⋅2  when 
assuming nn <<δ . zKυµ , the longitudinal coupling coefficient, generally obeys 
tz KK υµυµ <<  hence can usually be ignored. 
For most UV inscribed gratings, the refractive index modulation can be expressed as: 
 
Equation 2.6 
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Where )(zneffδ  is the “dc” index variation spatially averaged over the grating period, 
v  is the fringe visibility of the index variation, Λ  is the grating period and )(zφ  
indicates the grating chirp. 
For most fibre gratings considered, the UV induced refractive index change 
),,( zyxnδ  can be regarded as uniform across the whole core area. Therefore, the core 
index )(zneffδ  can be replaced by )(zncoδ . Similar to Equation 2.6, we can write the 
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coupling coefficient as: 
 
Equation 2.7 
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Where the following definition applies, )(zυµΓ  is the “dc” coupling coefficient and 
)(zυµκ  is the “ac” coupling coefficient. 
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Equation 2.9 )(
2
)( zvz υµυµκ Γ⋅=  
 
2.3.1.1 Bragg Gratings 
For a uniform Bragg grating, the schematic of mode coupling is shown in Figure 2.2. 
The mode coupling occurs at phase match wavelength for which a forward 
propagating mode with amplitude )(zA  reflects into an identical backward 
propagating mode with amplitude )(zB . 
 
 
Figure 2.2 Schematic of mode coupling of an FBG, showing light coupled from forward-
propagating core mode to backward-propagating core mode. 
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With this in mind, Equation 2.3 and Equation 2.4 can be simplified to the following 
expressions [75]: 
 
Equation 2.10 )()( zBizAi
dz
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⋅⋅+⋅Γ⋅= κ  
Equation 2.11 )()( zAizBi
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Where the amplitudes are defined as: 
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The coupling coefficient is given by : 
 
Equation 2.14 
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While the detuning is shown as: 
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In Equation 2.15, Λ⋅⋅= effD n2λ  is the design Bragg reflection peak for an 
infinitesimally weak index of refraction change grating i.e. 0→effnδ . For a single 
mode Bragg grating, the coupling coefficients can be simplified as following: 
Equation 2.16 effnδλ
pi
⋅=Γ+ 2  
Equation 2.17 effnv δλ
pi
κκ ⋅⋅== ∗  
 
For a grating with uniform structure along the z direction, effnδ  is constant and 
0=
dz
dφ
 for grating without any chirp. Hence, the coupling coefficients are all 
constants. Equation 2.10 and Equation 2.11 can then evolve into first order ordinary 
differential equations. For a uniform fibre grating with a length L, the reflectivity can 
be calculated from the equation below: 
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The maximum reflectivity occurs when 0=Γ+  where  
 
Equation 2.19 )(tanh2max LR ⋅= κ  
 
The bandwidth of a uniform FBG is defined by the wavelength difference between the 
first minimum on either side of the maximum reflectivity. The bandwidth is then 
given by : 
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In the weak grating condition where effnv δ⋅  is very small, we can then infer  
 
Equation 2.21 
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The bandwidth of a weak grating is then correlated with the grating length. In the case 
of strong grating condition where effnv δ⋅  is large enough, the bandwidth can be 
obtained as: 
 
Equation 2.22 
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It can be clearly seen that in strong grating condition, the bandwidth is independent of 
the grating length. Physically speaking, the incident beam may not propagate through 
the whole length of the grating as the mode complete Bragg diffraction may finish 
before it penetrate the full length. 
2.3.1.2 Long Period Gratings  
For long period gratings (LPG), also known as transmission gratings, the mode 
coupling occurs close to the wavelength at which a forward propagating mode with 
amplitude )(1 zA  is strongly coupled into a co-propagating cladding mode with 
amplitude )(2 zA . Figure 2.3 shows the mode coupling scheme of a standard LPG. 
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Figure 2.3 Schematic of mode coupling of an LPG, showing the light couples from 
forward-propagating core mode to co-propagating cladding modes. 
 
Therefore, Equation 2.3 and Equation 2.4 can be simplified by retaining terms that 
only involve in the coupling behaviour of these two modes. Applying the usual 
synchronous approximation, the coupled mode equations now evolve into: 
 
Equation 2.23  )()( zBizAi
dz
dA ++++
⋅⋅+⋅Γ⋅= κ  
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Where the new mode amplitudes defined as: 
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In Equation 2.25 and Equation 2.26, 11Γ  and 22Γ  are the “dc” coupling coefficients 
defined in Equation 2.8. ∗== 2121 κκκ  is the “ac” coupling coefficient with which the 
general coupling coefficient can now be written as: 
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Equation 2.27 
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The detuning is assumed to be constant, such that: 
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Where Λ⋅∆= effD nλ  is the design wavelength for an infinitesimally weak grating. As 
of the case for Bragg gratings, 0=δ  corresponds to the grating condition predicted 
by the qualitative picture of grating diffraction. 
For a uniform LPG, +Γ  and κ  are all constants, hence, when applying the appropriate 
boundary conditions, the transmission of LPG can be evaluated through: 
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Where 2
2
)0(
)(
+
+
A
zA
 indicates the transmission response of the bound-core mode due to 
the core-cladding mode coupling regime. 2
2
)0(
)(
+
+
A
zB
 refers to the ratio of the power 
coupled into the cladding mode from the core mode. 
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2.3.1.3 Tilted Fibre Gratings 
As a special category of fibre gratings, tilted fibre gratings are capable of coupling the 
core mode into both radiation modes and cladding modes. This type of gratings 
generally involves three regimes including tilted angle at < 45º, = 45º and  > 45º. 
Figure 2.4 shows the schematic of mode coupling in tilted fibre gratings in three 
regimes. 
 
 
  
 
Figure 2.4 Different coupling regimes in tilted fibre gratings for tilted angle (a) < 45º, (b) 
= 45º and (c) > 45º. 
 
From Figure 2.4 we can see that, when the tilt angle is smaller than 45º, the grating is 
capable of coupling the forward propagating core mode into backward propagating 
core and cladding modes. When this angle is larger than 45º, co-propagating coupling 
occurs. At 45º, different from the other two regimes, the grating will couple the core 
mode into radiation mode normal to the fibre axis.  
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Figure 2.5 Schematic description of tilted fibre grating in an optical fibre 
 
Figure 2.5 shows the schematic diagram of a typical tilted fibre grating structure. Due 
to the rotation of the grating plane, the index change is now defined as: 
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Where θθ cossin' ⋅+⋅= zxz , 
θcos
gΛ
=Λ  is the grating period along the fibre axis 
where resonant wavelength for coupling is determined. By taking projections of the 
grating parameters i.e. )(znco ′δ , )(z′φ  into the fibre axis, the general coupling 
coefficient turns to be: 
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Where the forward propagating mode (+) is associated with mode number µ  in 
Equation 2.3 and the backward propagating mode (-) is associated with mode 
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numberυ . The “dc” and “ac” coupling coefficient can then be written in the form of 
Equation 2.33 and Equation 2.34: 
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 It is found that ∗± = mκκ . Furthermore, the grating tilt can be represented by 
“effective fringe” in terms of visibility )(θ±mv  which is given by: 
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Therefore, Equation 2.34 can be rewritten in a similar form to Equation 2.9 as: 
 
Equation 2.36 )(
2
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θθκ m
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This result states that how effective the grating perturbation is in backward Bragg 
reflection. It also shows that how grating tilt can reduce the effective fringe visibility 
according to Equation 2.35. Detailed analysis on tilted Bragg gratings using CMT 
have been reported recently by various groups. Xu et al [81] simulated the spectral 
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behaviour including polarisation consideration for TFGs with tilted angle <45°. Later, 
Xu et al developed a method using both CMT and Mueller matrix to examine the 
spectral dependence in terms of polarisation dependent loss (PDL) and degree of 
polarisation (DOP) after light passes through a TFG with tilted angle ≤45° [82]. While 
Lu et al [83] from the same group investigated the radiation mode coupling from the 
TFGs using simplified CMT. For grating with a tilted angle >45º, known as 
excessively tilted fibre gratings (Ex 45º-TFGs), there is still no clear theoretical 
analysis. Since its large period and strong asymmetry, the polarisation effect has to be 
taken into consideration with CMT which is believed to play an important role for 
TFG characteristics. More detailed analysis for TFGs will be considered for future 
work. 
2.3.2 Volume Current Method for Analysing Tilted Fibre Gratings  
One of the other recently developed treatments to explain tilted fibre gratings is 
Volume Current method, also referred as Green Function method [13, 84]. Although 
CMT offers a rigorous approach to describe the mode coupling between forward 
propagated core mode and backward propagated radiation mode, it does not show the 
radiation pattern of the TFGs. By deriving an explicit expression of the Poynting 
vector of the radiated fields, VCM provides an easy route to predict the radiation 
properties of the light coupled out of the optical fibre, presenting an insight on how 
the tilted gratings could be designed to obtain desired radiation response. In an ideal 
tilted grating, with infinite cladding thickness, the core mode loss produced by the 
tilted structure hence forms the radiation mode. This loss of the core mode 
propagating through a small section of TFG in a single mode fibre can be written as: 
 
Equation 2.37 lLoss δσ ⋅−=  
 
Where lδ  is the grating section and σ  is the loss coefficient. The loss coefficient is 
given by [13]: 
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Where 
0
0
2
λ
pi
=k  is the wave vector of the incident light in vacuum and nδ  and n  are 
the index perturbation of the grating and original index of the fibre core, respectively. 
a  is the radius of the fibre core. 0K  and 1K  are the zero order and 1st order of 
besselK −  function.u  and w  are the well known fibre waveguide parameters defined 
by: 
 
Equation 2.39 2020 )()( effnknku ⋅−⋅=  
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Where effn  is the effective index of the propagating modes and cladn  is the refractive 
index of the cladding of the fibre. The integral parameter f  in Equation 2.38 is given 
as below [13]: 
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In Equation 2.41, ψ  is the grating tilt angle and 0J  and 1J  are the zero order and 1st 
order of the besselJ −  function, newK  is given by: 
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Equation 2.42 ϕθθ cossin2sin 02220
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Where θ  is the angel between the radiation beam, and the fibre axis which satisfies 
the following equation: 
 
Equation 2.43 0cos00 =⋅⋅+⋅− θcladeffg nkknK  
 
gK  and tK  are the wave vector of the grating in longitudinal and transverse direction 
individually which are defined by: 
 
Equation 2.44 ψpi cos2 ⋅
Λ
=gK  
  
Equation 2.45 ψpi sin2 ⋅
Λ
=tK  
 
Using the formulas above, it is then possible to evaluate the polarisation properties of 
the TFGs. The simulated results of the polarisation performance for TFGs are shown 
in Figure 2.6. In Figure 2.6(a), the core radius is set at 4.5 µm which is close to the 
practical condition of a standard telecom fibre; the resonance wavelength has been set 
at 1.55 µm. The grating length is assumed to be 25 mm. It can be seen that for various 
tilted angles, the grating shows maximum polarisation extinction ratio (PER) or PDL 
at 45°. One may notice that for small tilted angles (i.e. <20°), the loss for both s- and 
p-light becomes very high. This can be explained that at small tilted angles s- and p-
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light degenerate. Both s- and p-light are actually reflected by the grating which shows 
very high transmission loss at tilted structure. The high transmission loss for large 
tilted angle (i.e. >70°) in the simulation may be interpreted by different types of mode 
coupling regime through the grating which might be forward propagating mode 
coupling or radiation mode coupling.  
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Figure 2.6 (a) Transmission loss against grating tilted angle for s- (red dotted line) and p-
light (black solid line) of TFG; (b) spectral response for s-(black solid line) and p- (red 
dotted line) light of a 45°-TFG from 1200 nm to 1800 nm;(c) PER of for 45°-TFG at 
various lengths with different UV induced refractive index modulations; (d) spectral 
response of TFG of PER against tilt angles. 
 
Figure 2.6(b) describes the spectral response for a 45°-TFG from 1200 nm to 1800 nm 
for s- and p- light. It shows a Gaussian-like shape, ~ 100 nm effect bandwidth of high 
PER which is centred at 1550 nm. In Figure 2.6(c), as particularly interesting, the 
relationship between the grating length and core refractive index change with respect 
to the PER has also been examined for a 45°-TFG. It can be clearly seen that the PER 
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increases linearly with the grating length. It also shows that for different grating 
modulation levels i.e 00256.0  ,00156.0  ,00056.0=nδ , the PER varies significantly 
indicating that higher refractive index change gives higher PER. Figure 2.6(d) 
illustrates the spectral change of a 45°-TFG against tilt angle variation in terms of 
PER. It show that for a designed grating with resonance wavelength at 1550 nm if the 
tilt angle increase (49°) or decrease (40°) with respect to 45°, the resonance 
wavelength will have a blue or red shift of about ~100 nm. Furthermore, it is noticed 
that the PER could drop to 11 dB or 3 dB individually at the desired resonance 
wavelength. Therefore, care has to be taken when inscribe the 45°-TFGs. One may 
also notice that, in the simulation, when the tilt angle is at 49°, the grating exhibits 
higher PER than grating tilted at 45°. This may be because a 49°-TFG is capable of 
coupling out more s-light. However, the loss of p-light is minimised when the grating 
is tilted at 45° therefore making 45°-TFG an ideal candidate for in-fibre polariser. A 
high PER polariser may be then achieved by inscribing strong 45°-TFG. The 
simulated results have thus motivated us to examine the polarisation properties of the 
45°-TFGs. A more detailed derivation of this method is given by Li et al [84]. 
2.3.3 Phase matching condition of mode coupling for fibre gratings 
Another useful approach to understand the mode coupling mechanism in fibre 
gratings is the phase matching condition. We hereby define the following wave vector 
relationship for mode coupling in a fibre grating which is commonly regarded as the 
phase matching condition: 
 
Equation 2.46 Ginout KΚ Κ+=  
 
All K described in this section are vectors. coin n
2
⋅= λ
piΚ  is the wave vector of the 
incident light and 
G
G
2
Λ
piΚ ⋅=  is the grating vector. The phase matching condition of a 
fibre grating can then be described in a vectorial plane in Figure 2.7 and Figure 2.8. 
For the case of FBG mode coupling, as shown in Figure 2.7(a), the relationship 
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coinout n
2KK ⋅⋅== λ
pi
 applies as an FBG structure will couple the light from a 
forward propagating core mode into an identical backward propagating core mode. 
For the case of LPG mode coupling, as shown in Figure 2.7(b), the grating can couple 
the incident light into forward propagating cladding modes with cladout n
2
⋅= λ
piΚ  
indicating the cladding modes. 
 
Figure 2.7 Vectorial descriptions of phase matching conditions of (a) FBG and (b) LPG. 
 
For TFGs, as the grating has the ability to couple the forward propagating core mode 
into radiation mode, it is hence to have cladout n
2
⋅= λ
piΚ  which is similar to LPG. With 
the condition cladco nn ≅ , the following relationship outin Κ≅Κ therefore applies. 
Hence, similar to Figure 2.4, the phase matching condition of TFGs can be depicted in 
the vector plane which is shown in Figure 2.8, where θ indicates the tilted angle of the 
grating with respect to the fibre axis. In Figure 2.8(a), we can simply infer that when 
the tilted angle is minimised to zero, the phase matching illustration evolved into the 
standard FBG condition from which a forward propagating mode has been coupled 
into an identical backward propagating mode via Bragg diffraction. Figure 2.8(b) 
shows the special case of 45°-TFG which is capable of coupling out light 
perpendicular to the fibre axis or incident beam propagation direction. While Figure 
2.8(c) shows the mechanism of an incident beam couples into a forward propagating 
mode through an excessively titled grating structure. Although the phase matching 
condition gives very good approximation for interpretation of mode coupling 
mechanism inside the TFGs, it does not involve the polarisation effect which is 
actually one of the key properties of the TFGs. 
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Figure 2.8 Vectorial description of phase matching conditions for TFGs with titled angles 
at (a) < 45°, (b) = 45°and (c) > 45°. 
2.4 Overview of Fibre Grating Fabrication Techniques 
Inscription of in-fibre FBG using photosensitivity of optical fibre was discovered by 
Hill et al in 1978 during the experimental investigation of non-linear effect in the 
optical fibre [1, 85]. In this very first FBG inscription, Germania-doped silica fibre 
and visible Ar+ laser (488 or 514.5nm) were used in the experiment. Due to the 
Fresnel reflection (nominal value ~4%) of the cleaved fibre end, incident light 
reflected by this could thus interfere with the propagating beam thereby creating a 
standing wave within the fibre core. The standing wave pattern of refractive index 
was therefore inscribed in the fibre core because of the intrinsic photosensitivity of 
the optical fibre. This kind of FBG was lack of wavelength tunability and very much 
incident light wavelength dependent, although they could be inscribed through self-
organised formation of incident laser beam or referred as internal writing technique.  
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Consequently, more versatile fabrication techniques are required. Various UV 
inscription methods (i.e. external writing techniques) have been reported since then 
which are able to provide grating fabrication with flexible Bragg wavelength [86-88]. 
The widely adopted grating fabrication methods including two-beam holographic [86], 
point-by-point inscription [89] and mask scanning [87-88] are discussed below.  
2.4.1 Two-Beam Holographic  
The two-beam holographic fabrication technique for UV written fibre gratings was 
initially demonstrated by Meltz et al in 1989 [86]. This grating inscription system 
requires amplitude-splitting interferometer and gratings can be fabricated over a wide 
range of wavelengths - typically from 600 nm to 1700 nm, and independent of 
incident laser wavelength. The original system used by Meltz et al [86] was used to 
fabricated FBG in the visible region. Figure 2.9 illustrates the schematic of a typical 
two-beam holographic grating inscription system in our lab. Such a system normally 
employs a beam splitter with preferable 50:50 splitting ratio. The divided two beams 
are reflected by two mirrors (M1, M2) with similar reflectivity, and then focused by 
two similar cylindrical lenses (L1, L2), therefore producing interference fringes in the 
fibre core when the two beams are recombined. The application of cylindrical lenses 
is to focus the UV beam thereby allowing high intensity UV irradiation on fibre over 
which effective and strong gratings could be inscribed. The period of the 
holographically produced grating is described below: 
 
Equation 2.47 
α
λ
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Where uvλ  is the incident UV wavelength, α  is the angle between the reflected beam 
and the beam splitter plane as shown in Figure 2.9. The Bragg wavelength can then be 
given as: 
Equation 2.48 
α
λλ
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uveff
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n ⋅
=  
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Figure 2.9 Schematic illustration of two-beam holographic inscription of fibre grating 
 
where effn  is effective refractive index for propagation mode in the fibre. Braggλ  is the 
general description of Bragg wavelength for non-tilted FBG. The most advantage of 
this technique is the ability to inscribe FBG at arbitrary resonance wavelength by 
changing the UV wavelength and the angle of the intersecting beams α . By tilting the 
optical fibre, this method provides possibility for inscribing titled FBGs. It is worthy 
to note that the system setup shown in Figure 2.9 is only valid for UV light source 
with a long coherence length, for instance, ~60mm in the case of Ar+ laser. For UV 
light produced by low coherence source such as excimer laser, an additional plate is 
necessary to compensate the optical path difference induced by the beam splitter.  
Nevertheless, this system is subject to environmental vibration significantly due to its 
relatively long exposure time (typically is a few mins). Fringes quality is apt to 
degrade by even submicron displacement induced through any components in the 
system. Another limitation of the two-beam holographic method is the grating length 
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is limited to the UV beam size, which is typically a few mm. Such short FBGs would 
result in large reflection bandwidth which may not suitable for some applications.  
Because the standard two-beam holographic system normally uses more optical 
components, other interferometer systems based on wavefront splitting using prism 
interferometer [90-91] and Lloyd interferometer [92] have been developed to 
overcome this disadvantage while reducing the sensitivity to mechanical stability 
dependence. Although these two methods provide a more stable inscription by using 
less components, they are lack of tunability and limited length of inscribed grating 
significantly restricts their popularity. Note, it is demonstrated that chirped FBG can 
be fabricated using the two-beam holographic method [93-94]. It is also shown that 
TFGs can be fabricated with this method [95]. 
2.4.2 Point-by-point Fabrication 
Point-by-point inscription was firstly reported by Malo et al. [89]. In their system, a 
KrF excimer laser and a 15 µm slit were used. A lens was used to project the image of 
the slit on the fibre core. Because the focused UV beam spot size is normally larger 
than the period of a standard Bragg grating period (~500 nm for 1550 nm region) 
resulting in ~700 nm of the width of the photoinduced perturbation area, it is hence 
generally difficult to inscribe 1st order Bragg grating although in principle the 
diffraction limit of 244 nm is ~250 nm. A 3rd order micro Bragg grating has been 
fabricated with a significantly short length of ~360 µm, exhibiting 70% peak 
reflectivity at 1536 nm in a D-shape fibre [89]. 
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Figure 2.10 Schematic diagram of point-by-point fibre grating inscription. 
Figure 2.10 shows the schematic diagram of point-by-point fabrication system in our 
lab. In our system, rather than using a slit, a second cylindrical lens was adopted in 
the system to focus the beam along the fibre axis. Various parameters such as grating 
period, grating length can be controlled through computer programme. This method is 
widely used for long period fibre grating fabrication from which high flexibility can 
be obtained for various parameters. The disadvantage of this technique is that it 
normally requires long fabrication time, environmentally induced grating stitch errors. 
Positional accuracy of the motion stage may also dominate the quality of the gratings. 
The point-by-point technique has been reported for the fabrication of rocking filter or 
polarisation mode converter [96-97] and mode converter [98-99]. 
2.4.3 Mask Scanning 
A major step of fibre grating inscription improvement is the development of phase 
mask scanning method. This technique is reported firstly by Anderson and Hill [87-88] 
in 1993 at the same time. Since then, it has been accepted as the most effective way of 
fabricating fibre gratings. Compared to holographic methods, fewer components are 
used providing robust and stable solution to grating inscription thus greatly reducing 
the complexity of the fabrication system.  
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Figure 2.11 Schematic of the phase mask inscription of FBG when the UV beam incident 
normally to the phase mask. 
The phase mask is a UV transparent fused silica plate with one-dimensional surface-
relief grating etched in it. Either holography or electron-beam lithography is 
employed to manufacture the phase mask. It has a period of pmΛ  and can diffract the 
incident UV beam into several orders such as ...2,1,0 ±±=m  With carefully controlled 
grating depth, aspect ratio i.e. ratio of the linewidth to the depth, the phase of the 
transmitted UV beam can be modulated thus forming a phase mask rather than an 
amplitude mask. By minimising the zero order transmitted UV beam, a near field 
interference fringes could be generated by the 1± diffraction orders therefore 
photoimprinting the Bragg grating into the fibre. To minimise the zero order of the 
normally incident UV beam on the phase mask, the light pass through the grating 
ridge (fused silica) and the valley (air) will cancel each other as they are out of phase. 
The design of phase mask can then follow Equation 2.49 [100]  
 
Equation 2.49 
2
)1( uvuvnd
λ
=−⋅  
Where d  is the grating depth, uvn is the refractive index of the UV beam in fused 
silica (≈1.5108 at 244 nm), uvλ  is the wavelength of the UV light. Hence, a grating 
depth of ~238 nm could be obtained for zero order minimised phase mask for 244 nm 
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illumination. It is worthy to note that changing the UV wavelength will require a 
different phase mask unless the zero order transmission is physically blocked. The 
period of inscribed FBG using a phase mask follows the equation below when 
considering normally incident situation: 
 
Equation 2.50 
2sin2
pmuv Λ
=
⋅
=Λ
θ
λ
 
 
Where θ  is the diffraction angle of the 1±  order UV beam. 
 
 
Figure 2.12 Schematic description of typical phase-mask scanning inscription system in 
our lab. 
Figure 2.12 shows a typical experimental arrangement of the phase mask scanning 
system in our lab. A frequency doubled Ar+ laser (Sabre Fred®) is used as the UV light 
source. The UV beam is focused on the fibre core via a cylindrical lens. Then it 
propagates through the phase mask to incident on the fibre. With the computer 
controlled movement of high-precision air-bearing stage along the fibre axis, Bragg 
grating structure can be impinged in the fibre core by scanning the laser beam.  
When employing the phase mask, the simplicity of using less components and near-
field interference enables stable, repeatable and uniform inscription of Bragg gratings. 
Low temporal coherence would not induce drawback to the system. Moreover, phase 
mask scanning technique can offer solutions to high quality and complex grating 
structures such as chirped gratings [101], apodised gratings [102-103], phase shift 
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gratings [104-105], Moiré gratings [106] and superstructured grating [107]. 
Nevertheless, the phase mask scanning method is subject to the condition of spatial 
coherence. If the separation between the fibre and the mask is too close, damage could 
be caused to the fine corrugation of the phase mask. On the other hand, if the 
separation is not close enough, poor quality gratings will be produced when UV 
source with low spatial coherence is used in the system. Another disadvantage of the 
phase mask scanning method is its limitation to the alternation of inscribed Bragg 
wavelength due to the fixed period of the phase mask. Hence, additional phase mask 
might be required for various Bragg wavelengths. Furthermore, several methods have 
been proposed to overcome this problem. Prohaska showed that by locating a 
magnifying or converging lens in front of the phase mask could generate longer or 
shorter wavelength than the designated wavelength fixed by phase mask period [108], 
Zhang et al [109] demonstrated that Bragg wavelength tuning can be achieved using a 
pre-strained fibre during UV inscription. The length of the phase mask is another 
issue using this method as more expensive long mask is required for gratings of long 
length. The phase mask fabricated using the electron beam lithography, stitching 
errors on the mask may degrade the quality of the FBG.  It is worthy to note that TFGs 
can be inscribed in an optical fibre by either tilting the phase mask with respect to the 
fibre axis or using a phase mask with tilted pattern. The 45°-TFGs reported in this 
thesis are all fabricated using phase masks with tilted pattern and ex 45°-TFGs are by 
tilting the normal amplitude mask.   
Another type of mask is the amplitude mask which can be designed for fabricating 
LPGs. Such mask normally has a period of hundred microns where no diffraction 
occurs for the UV incident beam. The ridge and valley design issue does not exist for 
the amplitude mask. Therefore, the cost of amplitude masks can be much lower. 
Detailed information regarding such mask can be found in reference [100]. The ex 
45°-TFGs studied in this thesis are fabricated by tilting the normal amplitude mask. 
2.5 Applications of Fibre Gratings 
Fibre gratings are popular components in various lightwave applications. Since the 
discovery of fibre gratings, they have found wide applications in optical 
communication, signal processing, microwave generation, optical sensing, fibre 
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amplifiers and fibre lasers etc. This section will briefly review two of the most 
important applications of fibre gratings. 
2.5.1 Fibre Grating Sensors 
Due to its inherent compactness and immune to electromagnetic interference, fibre 
gratings are ideal candidates in the domain of sensing. Combining with the telecom 
grade compatible interrogation system, fibre gratings could offer a low cost solution 
for optical sensing with high precision. The capability of multiplexing is the other 
advantage of fibre grating based sensor network. Strain, pressure and temperature 
sensing using both FBG and LPG was reported by Kersey et al [110]. With the help of 
cladding modes coupling, LPGs are able to measure the external refractive index 
[111]. Normally, a single FBG could only deal with sole parameter sensing and more 
than one FBG is needed for multiple parameter sensing, but for an LPG, utilising the 
difference of response of different rejection bands of the LPG, one can implement an 
multi parameter sensing head [112]. Shu et al [113] also demonstrated a method for 
dual parameter sensing using a single sampled grating. However, in dual parameter 
sensing, cross sensitivity might be an issue which needs a compensation scheme to 
eliminate. Recently proposed excessively tilted fibre gratings provide a neat solution 
for overcoming temperature and refractive index cross-sensitivity [114].   
The development of interdisciplinary science offers grating sensors a great platform to 
play. Various refractive index sensors using grating based technology have been 
demonstrated for biomedical and life science research purposes. Different 
configurations of LPG were applied in DNA detection [115-116]. Respiratory sensing 
using fibre gratings based monitoring devices have also been presented [117-119].  
For industry and engineering application, grating based sensors are gradually gaining 
market in these fields. They give monitoring and detection solutions in oil, gas and 
mining sectors [120-124]. Another good application of fibre gratings based structural 
health monitoring sensornets are reported for bridges [125-126], dams [127-128] and 
underground tunnels [129]. There are also reports that various fibre grating sensor 
configurations have been developed as inclinometers [130-136]. 
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2.5.2 Fibre Grating Lasers 
The emergence of fibre gratings offers laser technology great versatility to the 
conventional laser research. They appear to be very powerful tool to enhance the laser 
characteristics. Brinkmeyer et al proposed the very first fibre grating stabilised 
semiconductor laser which gives out narrow linewidth output [137]. All fibre lasers 
are therefore more attractive for both scientific and practical applications. The ability 
to inscribe Bragg gratings into the rare earth doped fibres results in a variety of 
successful demonstrations of fibre lasers. Simple laser configuration was presented 
for giving out single frequency output [138-139]. By using a phase shifted fibre Bragg 
grating, distributed feedback Erbium doped fibre laser was presented [140-141]. 
Single polarisation fibre laser was achieved by inscribing a standard FBG into the 
polarisation maintaining fibre [142]. In mode locked pulsed fibre lasers, fibre gratings 
represent a novel method to control the gain bandwidth and cavity dispersion of the 
laser [143-145].  
Inscription of fibre gratings on other active media was also reported including 
Neodymium [142, 146], Ytterbium [147], Praseodymium [148], Erbium-Ytterbium 
co-doped [149-151], and Thulium [152], which are all potential gain media for fibre 
lasers across a broad operation range.  
2.6 Chapter Conclusions 
In this chapter, the fundamental properties of photosensitivity and methods of 
enhancement of fibre photosensitivity have been reviewed. Coupled mode theory for 
explaining different types of gratings were discussed, including FBG, LPG and TFG. 
Recently developed Green Function method for modelling TFG was also briefly 
reviewed. Major techniques, including two-beam holographic, point-by-point and 
phase mask scanning, for UV inscribing fibre gratings were introduced in detail. 
Finally, a short description of fibre grating applications in optical sensing and laser 
system was given. 
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Fabrication and Characterisation of 
UV Inscribed 45º- and Ex 45º-Tilted 
Fibre Gratings  
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3.1 Introduction 
This chapter discusses the UV inscription and characterisation of 45º- and ex 45º -
TFGs. For the fabrication of 45º-TFGs, we only focus on the method using phase 
mask scanning, and a large number of 45º-TFGs have been UV-inscribed not just on 
standard telecom and photosensitive B/Ge doped fibres but also on two types of 
polarisation maintaining (PM) fibres with spectral response in both 1.06 µm and 1.55 
µm regions. Concatenation method using phase mask with limited size to UV-inscribe 
45º-TFGs with high polarisation extinction ratio (PER) has also been investigated. 
Systematic characterisation has been performed on the 45º-TFGs regarding their 
spectral and polarisation dependent loss (PDL) properties. Various techniques have 
been implemented to fully characterise the grating properties. Moreover, thermal and 
refractive index responses of 45º-TFGs have also been investigated.  
In the second part of this chapter, the fabrication and characterisation of ex 45º-TFGs, 
i.e. the fibre gratings with tilted structure at an angle larger than 45° have been 
discussed. For fabrication, an amplitude mask with scanning UV beam method was 
applied for inscribing such ex 45º-TFGs. Only standard telecom fibre has been 
investigated for this type of TFGs. Similarly, the refractive index and thermal 
responses have been characterised in terms of coupled cladding modes with two 
different orders.  
3.2 Fabrication and Characterisation of 45º-TFGs 
3.2.1 Fabrication methods for 45º-TFGs 
As shown in Figure 3.1, a 45º-TFG can be inscribed either by tilting the phase mask 
with respect to the optical fibre (Figure 3.1(a)), or by using a phase mask with tilted 
pitches (Figure 3.1(b)). One can also inscribe such gratings by tilting the fibre about 
its axis orthogonal to the plane defined by the two interfering UV beams in a two-
beam holographic fabrication system (Figure 3.1(c)). 
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Figure 3.1 (a) and (b) phase mask, (c) two-beam holographic methods for 45º-TFG 
fabrication. 
 
As discussed in Chapter 2, phase mask scanning technique can inscribe fibre gratings 
with high quality. All 45º-TFGs reported in this thesis were fabricated with the phase 
mask method. Detailed information regarding the phase mask parameters and 
inscription conditions will be described in the following sections. 
3.2.2 Relationship between the internal and external tilted angles and 
period of 45º-TFG 
Owing to the geometry of the optical fibre, when a fibre axis is tilted by extθ  with 
respect to the UV interference fringes, it can generate grating planes with an angle 
intθ within the fibre core [153]. 
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Figure 3.2 Illustration of fringes distortion and a 45º-TFG structure with external extθ ,  
internal intθ  angles and period GΛ  . 
 
Figure 3.2 depicts the effect regarding the fringe difference between external and 
internal angles when using a phase mask technique. The relationship between extθ  and 
intθ  is given by [11] : 
 
Equation 3.1 
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Where 51.1=uvn  is the refractive index of fibre at UV wavelength. The relationship 
between the internal and external angles is plotted in Figure 3.3. 
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Figure 3.3 Plot of internal angle against external angle for TFG fabrication. Note, the 
cross point for the two dotted lines indicates the point where the internal angle is 45º. 
 
Figure 3.3 shows that how the internal angle changes when different external angle 
applies. We can calculate that when the external angle is o7.33≈ , it can produce 
grating planes tilted at  ≈ 45º internally and it is this 45°-TFG structure exhibiting 
interesting polarisation and spectral properties which will be investigated in the 
following sections. From Figure 3.2, we can infer that  
 
Equation 3.2 
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Hence, the inscribed tilted grating period GΛ  is given by  
 
Equation 3.3 
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Where extΛ  can be found from the well-known relationship 2
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=Λ , and PMΛ is 
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the period of the phase mask used in the inscription system. According to the phase 
matching condition discussed in Chapter 2, we can then deduce that the corresponding 
periods of phase masks are ~1785 nm and ~1216 nm for 1.55 µm and 1.06 µm regions, 
respectively, and then the according grating periods along the fibre axis are ~1071 nm 
and ~731 nm, respectively. During the experiments, the angle alignment is achieved 
by tuning a commercial grade goniometer where the phase mask is mounted. The 
angle between the diffraction pattern from the phase mask and a pre-aligned 
horizontal line has to be around 33.7°. The amount of tuning is normally quite large if 
a normal mask is going to be tilted for 45°-TFG inscription while small for a tilted 
mask. The accuracy of the alignment relies on the precision of the goniometer with a 
nominal accuracy of ±1 °. 
3.2.3 Analysis of fundamental limit on fabrication of 45º-TFGs 
As discussed in Chapter 2, a fibre grating inscribed in the fibre core relies on the size 
of the UV interference area after the phase mask. In our experimental system, owing 
to the usage of a cylindrical lens, the incident beam on the phase mask is a rectangular 
shape. When the beam diffracts from a non-tilted phase mask, the two diffracted main 
beams (+1 and -1 orders, assuming zero order transmission is eliminated) will only 
depart from each other in the x-y plane, as shown in Figure 3.4(a). However, in the 
case of a tilted phase mask, the diffracted +1 and –1 orders will separate in the y-z 
plane as well. This separation in y-z plane therefore reduces the effective UV 
interference area on the fibre. The separation effect is much more severe in the y-z 
plane than that in the x-y plane. From estimation, we can know d2 (the maximum 
effective penetration depth of the UV interference region in the case of a tilted phase 
mask) in Figure 3.4(b) is much smaller than d1 (the depth of the effective UV 
interference region) in Figure 3.4(a) for a normal phase mask. The interference region 
of the UV beam after the tilted phase mask is drawn in Figure 3.4(c) showing as a 
trapezium, where φ denotes the phase mask tilt angle, L is proportional to the phase 
mask period. Therefore, d2 could be calculated as ϕtan22 ⋅=
hd  with a given beam 
height h. In Figure 3.4(d), it illustrates the side view of the trapezium interference area 
covering the optical fibre. In order to achieve efficient grating inscription, d2 is 
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defined by the geometry structure of the optical fibre from which the fibre core would 
be completely covered by the UV interference region. For a single mode fibre with 
cladding radius (rcl) of ~62.5 µm and core radius (rco) of ~ 4 µm, d2 has to exceed 
~69.7 µm for the complete core coverage by UV interference region. Hence, for 
efficient 45°-TFG inscription, a minimum beam height of ~93 µm is required. 
    
 
Figure 3.4 Schematic description of UV beam diffraction after the phase mask: (a) from a 
non-tilted phase mask; (b) from a tilted phase mask; (c) Trapezium of the interference 
area from a tilted phase mask; (d) side view of the UV interference trapezium showing 
complete coverage of the fibre core. 
 
In order to achieve effective 45°-TFG inscription, increasing d2 is necessary. It is 
therefore natural to defocus the UV beam to obtain the grating inscription 
optimisation condition. The defocused distance for the 45°-TFG inscription may be 
derived from the standard Gaussian beam analytical expression [154]: 
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Where f∆  is the defocused distance, h’ is half of the beam height, 0w  denotes the 
Gaussian beam waist, 
UV
R
w
z λ
pi 20⋅
=  is the Rayleigh range of the UV beam and UVλ  
indicates the wavelength of the UV light. Assuming the UV light (wavelength 244 nm) 
is perfectly focused at the standard single mode fibre core with a core radius of 4 µm, 
the UV beam waist is thus 4 µm in the case of ideal focusing. The optimised defocus 
distance can then be calculated to be ~2.27 mm using Equation 3.4. However, it is 
worthy to notice that defocus of UV beam may result in weakening the power of the 
interference region as the UV beam intensity will be reduced significantly due to 
diffraction of a focused Gaussian laser beam. Moreover, for specialty fibres with 
larger cores, defocus will be a necessity for grating inscription which would ensure 
the fringes to cover the whole area of the fibre core. Thus, there is a fundamental limit 
for inscription of 45º-TFGs using the phase mask scanning method. In the work 
reported in this thesis, I have applied a defocus of ~1.5 mm throughout the fabrication 
for all 45º-TFGs at 1.55 µm region, so as to balance between the size of the UV 
interference region and UV power. Figure 3.5 illustrates the schematic diagram of the 
defocused inscription of the 45º-TFGs. 
 
 
Figure 3.5 Schematic diagram of defocused fabrication of the 45º-TFGs. 
 - 68 - 
3.3 Fabrication and Characterisation of 45º-TFGs at 1.55µm Region 
3.3.1 Fabrication of 45º-TFGs by rotating normal phase mask and 
concatenation 
45º-TFGs throughout this thesis were all UV-inscribed in optical fibres using a 244 
nm UV light from a frequency doubled Ar+ laser (Coherent Sabre Fred®) and the 
scanning phase mask technique. All the optical fibres were H2-loaded under 150 bar at 
80 ºC for 48 hours prior to the UV inscription to enhance fibre photosensitivity. The 
general fabrication technique is discussed in Chapter 2. Two phase masks were used 
for 45°-TFG fabrication, one is a normal mask and the other has designed tilted 
pitches. When the normal phase mask was used, it was tilted at ~33.7º externally to 
produce 45º tilted fringes within the fibre core. However, this normal phase mask 
(from QPS Photonics) has only 3.5 mm effective length when rotated at ~33.7º (as 
shown in Figure 3.1(a)) thus the concatenation method has to be used to achieve long 
length gratings. The other tilted phase mask (from IBSEN photonics) is designed to 
have a tilt pattern of ~33.7º with respect to the fibre axis and the total length is ~23.5 
mm, which allows strong 45°-TFG fabrication just over one continuous UV-scan. 
However, the concatenation technique employed for grating inscription with longer 
length for strong 45º-TFG function required manual control of the concatenation, 
which induced various defects, such as stitch errors and bleach effect (i.e. overlapping 
of the margin areas from the adjacent concatenated grating sections), to the grating 
structure, resulting in unwanted effects. I have fabricated several 45º-TFGs in H2-
loaded B/Ge co-doped fibre by concatenation technique with different lengths of ~35 
mm and ~50 mm. The configuration described in Figure 3.1(a) was applied from 
which the QPS phase mask was used for inscription. A microscope system (Zeis 
Axioskop 2 mot plus) was used to inspect the grating structure after the UV 
inscription. Figure 3.6 shows a typical microscopic image of the UV inscribed 45º-
TFG in the fibre core under a 100× oil immersion microscopic lens showing the 
grating period of ~1081 nm and fringes tilted at 45°.  
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Figure 3.6 Microscope image of a typical 45º-TFG examined by a 100× oil immersion 
microscopic lens. 
In the following sections, detailed information regarding the 45º-TFGs fabricated 
using concatenation and direct writing will be presented and discussed. Their 
polarisation dependency and spectral properties will also be described and discussed.  
3.3.2 Polarisation dependent loss and spectral measurement of 45º-TFGs 
In some passive optical components, the optical loss can be different as the 
polarisation state of the propagating beam varies. The difference between the 
maximum and minimum loss with respect to all possible polarisation states is called 
polarisation dependent loss (PDL). PDL plays important role in the modern optical 
communication system owing to its effect on system performance [155]. Normally, a 
few dBs will be the maximum capacity of PDL tolerance. On the other hand, optical 
devices exhibiting strong PDL may have potential application in polarisation state 
discrimination. In this section, a systematic evaluation of the 45º-TFGs in terms of 
their PDL properties will be discussed. In addition, their spectral characteristics have 
also been investigated. 
3.3.2.1 PDL characterisation of 45º-TFGs using BBS and tuneable Laser 
The PDLs of the two fabricated 45º-TFGs of lengths of ~35 mm (TFG1) and ~50 mm 
(TFG2), respectively, have been investigated by using either a broadband source 
(BBS) or a tuneable laser at single wavelength with an optical spectrum analyser 
(OSA).  
Figure 3.7(a) shows the schematic of the set-up for characterising the PDL using a 
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BBS source, a commercial fibre polariser, a fibre polarisation controller (PC) and an 
OSA. Both the polariser and the PC work at 1550 nm region. By changing the PC, we 
obtain the maximum and minimum transmission spectra of the grating and by 
subtracting the former to the latter (as they are in dB), we obtain the normalised PDLs 
for the two 45º-TFGs, as shown in Figure 3.7(b) and Figure 3.7(c), respectively. 
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Figure 3.7 (a) Schematic diagram of PDL measurement system employing a BBS. 
Measured normalised PDLs for (b) TFG1 and (c) TFG2. 
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Figure 3.8 (a) Schematic diagram of PDL measurement system using a tunable laser. 
Measured and normalised PDLs at 1550 nm for (b) TFG1 and (c) TFG2. Note: as the 
laser was set at 1550 nm, only the section between the two dotted lines in the plot is the 
correspondent PDL. 
 
Although the PDL of a 45º-TFG has a rather large bandwidth (~100 nm), the PDL 
value is still wavelength dependent. Using the BBS measurement system, the 
measured maximum PDLs for TFG1 and TFG2 were ~5.8 dB and ~35 dB, when the 
polarisation was optimised for 1550 nm. Here it is clearly to see that the PDL is 
strongly grating length dependent, as the 50 mm TFG2 achieved almost five times 
higher PDL than that of 35 mm TFG1. It can be also noticed from Figure 3.7 that the 
oscillation appeared on the PDL spectra when using the BBS as the light source. This 
could be explained as following. The 45º-TFG will couple out the s-light as radiation 
from the fibre core, however, a typical optical fibre does not have an infinite cladding, 
thus the radiated modes could be reflected back via the cladding/air boundary hence 
forming the cladding modes oscillation. 
The PDLs of the two 45°-TFGs were also measured at single wavelength using the 
tuneable laser as shown in Figure 3.8(a). In this measurement, the tuneable laser was 
set at 1550 nm and then the PC was changed to get the maximum and minimum PDLs. 
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Figure 3.8(b) and Figure 3.8(c) show the normalized PDLs for the two gratings at 
1550 nm. The PDL values measured from using tuneable laser are 5.5 dB (TFG1), 35 
dB (TFG2), which are in a good agreement with the maximum values measured using 
the system employing BBS. 
3.3.2.2 Full PDL response investigated by a linearly polarised light 
The full PDL response of the two 45°-TFGs were then further characterised by  using 
linearly polarised light rotating from 0º~360º. Figure 3.9(a) shows the schematic of 
the full PDL response characterisation system using linearly polarised light, which is 
generated from the tuneable laser through a polarisation beam splitter (PBS). The full 
PDL characterisation principle is described as following. Because the fibre PBS uses 
two pieces of polarisation maintaining fibre as the output ports, either port could serve 
as a linear polarised light source while unpolarised light entered the input port of the 
PBS. One output port of the PBS is cleaved and then fitted into a high precision fibre 
rotator as the probe port. This fibre rotator is mounted on a high precision three 
dimensional translation stage while the 45º-TFG is fixed on another nearby stage. One 
end of the 45º-TFG is also cleaved almost at the start point of the grating which is 
used for coupling in the linearly polarised light while the other end is monitored 
through a high speed power meter. The other output port of the PBS is monitored 
using the same power meter but with a different channel. This functions as a reference 
signal capable of monitoring power variation of the light source. By adjusting the PC, 
we could maximise the light coupled into the probe port of the PBS. Then, we can 
align either translation stage to ensure the maximum coupling from the PBS to the 
45º-TFG. When the coupling optimisation is completed, the fibre is rotated using the 
fibre rotator in a 10° step for 360° with PDL recorded for each step.  
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Figure 3.9 (a) Full PDL response characterisation system setup using linearly polarised 
light. Measured full PDL responses for (b) TFG1 and (c) TFG2. 
 
Figure 3.9(b) and Figure 3.9(c) show that the PDLs go through two cycles as expected 
due to the existence of two maximum and two minimum PDL positions. From Figure 
3.9(b), one can see that the transmission reaches the maximum at the angles near 50º 
and 230º while the minimum at the orthogonal positions, i.e. 140º and 320º. This 
±90° difference from the maximum to the minimum value on figure-8 plot indicates 
the linear polariser functionality of the 45°-TFG. The two minimum values indicate 
how much s-light is coupled out by the 45º-TFG and then the polarisation extinction 
ratio of TFG1 shown in Figure 3.9 (b) can be calculated as ~ 5 dB, which corresponds 
well to the measured PDL results by BBS and tuneable laser described in the section 
above. Figure 3.9(c) shows the full PDL measurement for TFG2 which has a longer 
grating length (~50 mm), we can see the shape is a closed figure-8 (the shorter grating, 
TFG1, gives a non-closed figure-8 shape), indicating much higher PDL as the 
minimum transmission becomes nearly zero at these two positions. The calculated 
PDL is ~ 12 dB which is smaller then the measured PDL value using other method. 
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This could attribute to the measurement error induced by the fibre rotator when 
approaching the minimum value. Later experiment commenced by other colleagues in 
the group have proved that with very fine tuning of the fibre rotator, this technique 
could provide similar results of PDLs as the methods described in the above section.  
3.3.3 45º-TFG fabrication and characterisation using tilted phase mask 
In the later stage of my project, a phase mask with tilted pattern was purchased from 
IBSEN Photonics which allowed direct 45º-TFG fabrication without multi-section 
concatenation. In principle, this mask should enable to UV-inscribe 45°-TFGs with 
high quality and consistent profiles. This phase mask is designed to have a tilt pattern 
of ~33.7º with respect to the fibre axis and grating period of ~1800 nm, which will 
generate 45° tilted fringes in the fibre core with resonance wavelength at ~1.55 µm. 
The mask pattern is 25 mm long; this gives ~23.5 mm effective grating length. We 
have fabricated four 45º-TFGs under similar inscription conditions (i.e. UV power 
and exposure time) in commercial B/Ge photosensitive fibre (Fibercore® 
PS1250/1500). A commercial PDL characterisation system (LUNA system), 
incorporating a commercial tuneable laser, was employed to examine both the PDL 
and transmission spectra of the gratings.  
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Figure 3.10 (a) PDL and (b) transmission spectra of four 45º-TFGs inscribed under 
similar condition in PS1250/1500 fibre using the tilted phase mask. 
From Figure 3.10 we can infer that, when using a phase mask with longer length, high 
quality and reproducible 45º-TFGs can be achieved. Referring to section 2.3.2, one 
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may notice that the measured PDL appears to be linear rather than Gaussian-like 
shape. The experimental results indicate a blue shift of the central response 
wavelength of the 45°-TFG. This could mainly attribute to the potential deviation of 
the effective modal index between theory and the actual fibre at 1.55 µm. It can be 
seen that all four gratings have ~20 dB PDL at the designated wavelength at 1.55 µm. 
This corresponds to a UV induced refractive index change of 001.0≈nδ  when 
calculating with the volume current method. Furthermore, because the length of phase 
mask is long enough for strong grating inscription, single scan with a speed faster 
than that used for concatenation technique was adopted. Therefore, the efficiency of 
fabricating such gratings could be greatly improved. This further reduces any 
environmental instability during the inscription. The spectral properties of the 45º-
TFGs were examined using the same (LUNA System) commercial characterisation 
system which also gives the insertion loss of the devices. It can be seen from Figure 
3.10(b) that for all four 45°-TFGs, there exist maximum loss and minimum loss (the 
loss here is given in terms of transmission). The difference between the maximum 
loss and minimum loss is actually the PDL of the device. These measured results 
show very good agreement with our theory prediction stating that when light 
propagates through the 45°-TFG, s-light is radiated out while p-light confined in the 
fibre core with a minimum transmission loss. For PTFG2, PTFG3 and PTFG4, the 
insertion losses for p-light have a similar value of ~1.3 dB. It should be noticed that 
PTFG1 shows slightly higher insertion loss (i.e ~2.5 dB), this may be due to bad 
splicing induced extra loss to the measurement system. This can be proved by the data 
in the annealing experiment (Figure 3.11(b)) showing that p-light of all TFGs has 
similar insertion loss. With the resolution set at 1 pm from the tuneable laser, more 
fine spectra were obtained showing the existence of ghost mode and the 2nd order 
Bragg resonance (see arrows in Figure 3.10(b)) which will be discussed in detail in 
next section. 
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Figure 3.11 (a) PDL and (b) transmission spectra indicating insertion loss of the 45º-
TFGs in Figure 3.10 after 24 hours thermal annealing at 80 °C. 
Thermal annealing is a standard treatment for fibre gratings to stabilise their 
properties as grating thermal decay may occur if annealing has not been conducted. In 
order to evaluate the annealing effect on 45º-TFGs, all four gratings have been put in 
a thermally stable oven at 80 ºC for 24 hours. The measured results after annealing are 
shown in Figure 3.11. Compared to Figure 3.10, it can be seen that all four gratings 
have a small decrease in PDL which is ~4 dB (only a few percents in linear scale). A 
more clear view is illustrated in Figure 3.11(b) manifesting that p-light (minimum loss) 
is nearly not affected by the thermal annealing process (i.e. still ~ 1.3 dB insertion 
loss) while the insertion loss of s-light (maximum loss) alleviated by ~4 dB.  
3.3.4 2nd order Bragg resonance of 45º-TFGs 
It has been noticed from Figure 3.10(b) and Figure 3.11(b) that there are two small 
narrow dips in the transmission spectra. One of the two dips locating at ~1568 nm is 
the 2nd order Bragg resonance (SBR) and the other is the ghost mode. It is well known 
that due to the saturation effect of the UV inscription, high order Bragg resonance can 
be observed in a non-tilted uniform FBG [156]. Some early work showed that 1st- and 
2nd-order Bragg resonances can be used together in sensing application to distinguish 
the effects induced by temperature and strain simultaneously [157]. UV written 2nd 
order FBG via a double period phase mask for telecom application has also been 
reported [158]. 
A standard mathematical description of Bragg diffraction in a uniform FBG is defined 
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as 
 
Equation 3.5 
i
n
eff
effi
Λ
⋅=λ  
 
where iλ  is the resonance wavelength of FBG, ...3,2,1=i is the diffraction order, effn is 
the effective index of the mode, and 
θcos
Λ
=Λeff is the effective grating period. Λ is 
the phase mask pitch and θ  is the angle between the phase mask pitch wave-vector 
and the fibre axis. Thus, theoretically a series of high order solution do exist for a 
given phase mask period without any tilt. Normally, the grating fringes induced by 
scanning the phase mask are regarded as a quasi-perfect sinusoidal refractive index 
change along the fibre axis. According to the Fourier series analysis, the sinusoidal 
function does not give out any high order periodic component. When the index 
change gets saturated, the refractive index tends to get a square-like shape, hence, 
producing high order periodic frequencies. For TFGs, it is actually much easier to get 
the higher order Bragg resonance. Physically because when the fringes tilted, they 
break the sinusoidal index profile along the fibre axis, therefore inducing higher order 
Fourier components. According to Equation 3.5, using effective index 1.45 and phase 
mask period 1800 nm, a theoretical SBR appears at 1568.59 nm which shows good 
agreement to our experimental observation. As for the ghost mode, it is a well known 
effect in weakly tilted uniform FBGs [159-160]. The ghost mode is explained as the 
mode coupling between the fundamental propagating mode and the low order 
cladding mode. Recently, the ghost mode has been applied as various sensors [161-
162]. Yet, as the first observation of the ghost mode adjacent to the SBR, the origin of 
this ghost mode is still not clear. Since both the SBR and ghost mode have only been 
observed for p-light, the ghost mode may due to the coupling between the SBR and 
low order cladding mode which is facilitated by the tilted grating structure. 
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3.3.5 Refractive index and thermal response of 45º-TFGs 
3.3.5.1 Refractive index response of the 45º-TFGs 
As 45º-TFGs have a strong polarisation dependency which may be developed into in-
fibre polarisation device, I further examined the refractive index (RI) and thermal 
response of the 45º-TFGs. It is found that when a 45º-TFG is immersed in the RI 
matching gel, the oscillation on PDL spectrum can be eliminated. As clearly seen in 
Figure 3.12(a), when the grating was surrounded by the RI matching gel (RI=1.456), 
the original oscillation feature on PDL disappeared and the PDL response became 
smooth across whole wavelength range, as shown by the red straight lines. The 
measured transmission spectra are shown in Figure 3.12(b) stating that the index 
matching eliminate the oscillation feature only for s-light while the p-light is not 
affected  
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Figure 3.12 (a) PDL spectra of a 45º-TFG when exposed to air (black curve) and 
immersed in RI matching gel (red curve); (b) transmission spectra of the p-light and s-
light when the same 45°-TFG  exposed to air and immersed in RI matching gel. Note: 
transmission spectra of p-light are overlapped by each other when the grating  exposed to 
air and immersed in RI matching gel. 
 
The transmission spectral evolution of the 45º-TFG was further evaluated by 
immersing the grating into a set of certified RI gel (from Carillgon Lab) with RI value 
varies from 1.3 to 1.408 with an increment of 0.01 and from 1.428 to 1.64 with an 
increment of 0.08. Figure 3.13 illustrates the RI response of a 45°-TFG from air to 
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1.64, showing PDL and transmission spectra evolution. From Figure 3.13(a), we can 
see that the PDL turns to be smooth when the RI increases from air to 1.45 which is 
close to the index of fibre cladding. When the RI further increases to 1.64, although 
not significantly obvious, the oscillation appears again. Similar behaviour has been 
observed for the grating transmission spectra, as shown in Figure 3.13(b). This 
corresponds well to the explanation which has been made above, when RI difference 
between the cladding and outer medium is very small, the oscillation can be 
eliminated due to the equivalent effect of infinite fibre cladding. If this RI difference 
is large, radiated modes can oscillate between the cladding/outer medium boundary 
and the core. This principle applies to both PDL and transmission spectra of the 45º-
TFG. Therefore, it can be predicted that for RI value above 1.64, strong spectral 
oscillation may occur due to the strong refractive index mismatch between the 
cladding and RI gel. 
Although the 45°-TFGs may not be suitable for RI sensing, using coating with a 
similar RI to the fibre cladding can eliminate the oscillation and get a smooth PDL (or 
PER) response, which is desirable for polarisation devices and applications. 
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Figure 3.13 (a) PDL and (b) transmission spectra of the 45º-TFG when immersed in 
various RI gels at 1(air), from 1.3 to 1.408 with an increment of 0.01 and from 1.428 to 
1.64 with an increment of 0.08 
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3.3.5.2 Thermal responses of the 45º-TFGs 
A 45º-TFG was firstly examined without the RI matching gel under elevated 
temperatures from 10°C to 60°C with a 5ºC increment, and the device was further 
examined when immersed in the RI gel. The measured PDL and transmission spectra 
are shown in Figure 3.14.  
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Figure 3.14 Thermal responses of the 45º-TFG for PDL and transmission when the 
grating is exposed to air (a) and (b) and immerged in RI gel (c) and (d).  
 
Figure 3.14(a) and (c) indicate that when a 45º-TFG is heated up, its PDL does not 
have noticeable change. There is also no obvious amplitude fluctuation regarding the 
transmission spectra which can be seen from Figure 3.14(b) and (d). Due to the 
thermal condition change applied to the grating, from Figure 3.14(d), noticable shifts 
of the SBR and the ghost mode, similar to normal fibre Bragg gratings, can be 
observed. The thermal responses of the ghost peak and SBR have been evaluated 
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accordingly and are shown in Figure 3.15. From the figure, it can be seen that when 
the 45 º-TFG is exposed to air, the thermal sensitivities of the ghost mode and SBR 
are ~9.95 and ~9.47 pm/ºC respectively. When the grating is immersed in the RI 
matching gel, the corresponding thermal sensitivities are measured to be ~10.5 and 
~10.02 pm/ºC, increased by a small fraction. But in general, the temperature 
sensitivity of the ghost and SBR are in the same order (i.e. < ~10.6 pm/°C) to the first 
order Bragg resonance [163]. The ghost mode is slightly more sensitive to 
temperature than the SBR. This may be due to the different thermal optic coefficient 
between the fibre core and cladding, thereby changing the cladding mode phase 
matching condition for the ghost mode. 
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Figure 3.15 Thermal responses of the ghost mode and SBR of the 45º-TFG. 
 
3.4 Fabrication and Characterisation of 45º-TFG at 1.06 µm Region 
Recent development on Ytterbium doped fibre lasers working around 1.06µm region 
has attracted a lot of interests due to their inherent high gain compared to the Erbium 
doped fibre laser systems. Particularly in high energy pulsed lasers, polarisation can 
play important role [164]. The very recent activity in fibre laser and amplifier based 
on coherent beam combing requires polarisation control [165]. Therefore, exploration 
of polarisation effects and function of 45°-TFGs may offer alternative insights to the 
relative topics.   
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In this section, it is mainly focused on the fabrication of 45º-TFGs at 1.06 µm region, 
because there was no broadband source available for this wavelength range, PDL 
characteristics have only been examined using single wavelength source. Various 
fibres including standard and B/Ge co-doped photosensitive single mode fibres and 
conventional PM fibres have been investigated. The phase mask used for 45°-TFG at 
1.06 µm inscription was purchased from IBSEN, having a period of ~1220 nm and a 
tilted pattern at ~33.7º. The effective mask length along the fibre axis is ~49 mm 
corresponding to the inscribed grating length. Because the phase mask for 1.06 µm 
region has smaller pitch than the one used for 1.55 µm region, the size of the UV 
interference area is further reduced according to the description in Figure 3.4. In other 
words, the interference trapezium will have a smaller value of L. It should be noticed 
that even in the case of uniform FBG inscription (Figure 3.4(a)), the portion of the 
UV beam next to the interference region may “bleach” the fibre core so as to reduce 
the effective photosensitivity of the optical fibre for grating inscription. In the case of 
tilted mask scanning inscription (Figure 3.4(b)), this “bleach region” is inversely 
proportional to the mask period. For 1.06 µm 45°-TFG inscription, the phase mask 
has a smaller period than that of 1.55 µm, it is therefore expected the “bleach” region 
becomes larger. Thus, defocused the UV beam to ~2 mm was adopted in order to 
make sure the UV beam fringes can cover most area of the fibre core. As discussed in 
section 3.2.3, defocus the laser beam on the fibre will reduce UV inscription intensity, 
hence, high UV laser power was increased for 45°-TFG inscription at 1.06 µm region. 
For characterisation, owing to the availability of equipment, we only performed the 
PDL measurement at single wavelength using a home-made Ytterbium doped fibre 
laser (YDFL) lasing at ~1055.8 nm. The schematic of the PDL measurement system is 
shown in Figure 3.16. 
 
 
Figure 3.16 Schematic of PDL measurement system with a home-made YDFL. 
In this system, an optical isolator which can provide >26 dB signal isolation at 1060 
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nm±30 nm is placed after the YDFL to prevent any unwanted reflection back to the 
laser cavity in order to maintain stable laser output. Similar to Figure 3.8(a), a 
commercial polariser and a set of PC were used to enable the manipulation of 
polarisation of the probe light for 45º-TFG evaluation. An OSA was used to record the 
PDL spectra.  
3.4.1 45º-TFG at 1.06µm region in conventional single mode fibres 
Two types of conventional fibre have been investigated including telecom fibre 
(Corning ®SMF-28) and commercial photosensitive fibre (Fibercore® PS1250/1500). 
Figure 3.17 shows typically measured spectra of the 45º-TFGs inscribed in these two 
fibres. It can be seen that the 45º-TFG inscribed in photosensitive fibre achieved a 
higher PDL (~20 dB) than in SMF-28 fibre (~12 dB).  
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Figure 3.17 Measured typical PDL spectra of 45º-TFG at 1.06 µm region in (a) 
commercial photosensitive fibre and (b) SMF-28 fibre. Note: as the laser was set at 1.055 
µm, only the section between the two dotted lines in the plot is the correspondent PDL. 
In order to identify the fabrication condition to achieve high PDL, we have then 
fabricated a number of 45º-TFGs in these two types of fibre. Three 45°-TFGs were 
inscribed using SMF-28 fibre with ~ 150 mW UV illumination power. With a 
minimum laser beam scan speed of 0.04 mm/s, a maximum PDL of ~ 5 dB was 
obtained. Another five 45°-TFGs were inscribed using SMF-28 fibres with ~ 240 mW 
UV illumination power.  Under the same scan speed of 0.04 mm/s, a maximum PDL 
of ~ 17 dB was achieved for all five gratings. As 0.04 mm/s is the minimum scan 
speed we can drive the stage, this suggests that stronger 45°-TFGs may be possible 
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obtained by using photosensitive fibres. 
Four 45º-TFGs were therefore UV-inscribed on photosensitive fibre (PS1250/1500) to 
explore the condition for obtaining strong PDL. Compared to 45º-TFGs inscribed in 
SMF-28 fibre, it can be seen that in photosensitive fibre, >20 dB PDL can be easily 
achieved with much less UV illumination power, i.e. ~ 80 mW. Using the minimum 
scan speed of 0.04 mm/s, the grating inscribed in photosensitive fibre exhibited ~ 27 
dB of PDL. Increasing the scan speed to 0.06 mm/s and 0.08 mm/s, the obtained PDL 
was ~ 22 dB and ~ 19 dB, respectively. This result indicates that strong 45°-TFGs at 
1.06 µm region can be achieved. A double exposure has also been tried to achieve 
high PDL, however significant degradation in PDL has been observed. Again, this 
could be attributed to the environmental variation induced unstable grating inscription. 
Therefore, it has been concluded that to fabricate strong 45º-TFGs at 1.06 µm should 
be either employing photosensitive fibres or using high UV power. With more fine 
adjustment of inscription parameters, high quality and reproducible 45º-TFGs can be 
obtained with PDL as high as ~35 dB are possible, as this has been demonstrated by 
other colleague recently. 
3.4.2 45º-TFGs at 1.06 µm region in polarisation maintaining fibres 
Polarisation maintaining (PM) fibres are designed to transmit light with maintained 
linear polarisation. They have wide applications in telecom, sensors and lasers 
because of their polarisation state preservation property. For the first time, 
investigation on the 45°-TFG inscription in PM fibres are presented in this thesis. 
These unique devices may lead to potential application as the integrated fibre 
polariser for fibre laser and sensor systems.  
As described earlier, strong 45º-TFG structures giving PDLs close to 30 dB may be 
achievable in the fibres with sufficient photosensitivity. Although the standard 
telecom fibre has less photosensitivity, the 45°-TFGs have been inscribed in it 
achieving PDL close to ~20 dB, when the fibre being H2-loaded and using much 
higher UV power. This has encouraged the attempt to UV-inscribe 45°-TFGs in 
standard (non photosensitive) PM fibres. 
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3.4.2.1 Specification of the polarisation maintaining fibres 
Two types of PM fibre have been investigated for 45º-TFGs inscription. These types 
of PM fibre are commercially available PANDA type fibre (from OFS). The geometry 
properties of the investigated PM fibres were examined and measured using a 
commercial microscope system (Carl Zeiss Axio). The cross-section images of these 
two PM fibres are shown in Figure 3.18. 
 
  
(a)                   (b) 
 
Figure 3.18 Cross-section images of the two investigated PM fibres (a) OFS PM_125L 
type fibre; (b) OFS TruePhase® 980 fibre.  
The measured parameters of the two fibres are listed in Table 3-1.  Through this 
section of the thesis, for simplicity, the OFS PM-125L type fibre will be referred as 
PM125L and the OFS TruePhase® 980 type as TP980.  
Table 3-1 Geometry Parameters of the two PM Fibres. 
Fibre Code 
Core 
Diameter 
Cladding 
Diameter 
Rod 
Diameter 
Rod Offset to 
Core 
PM125L 6.92µm 125.26µm 38.33µm 10.49µm 
TP 980 5.4µm 122.84µm 35.27µm 26.32µm 
 
For PM125L and TP980 fibres, they are standard PANDA structure single mode PM 
fibres with a fibre core sandwiched between two large size stress rods (namely stress 
applying parts). The stress rods are normally made by Boron doped low refractive 
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index glass which exhibits different thermal expansion coefficient from the cladding 
of the optical fibre. 
3.4.2.2 Fibre Bragg grating fabrication on PM125L and TP980 fibres 
In order to assess the photosensitivity of PM125L and TP980 PM fibres, normal 
FBGs were first inscribed onto these two fibres and compared with the FBG written in 
a standard telecom fibre. The two PM and SMF-28 fibre samples were H2-loaded 
under 180 bar at 80 ºC for 72 hours prior to the UV-inscription to enhance the 
photosensitivity. The standard phase mask scanning technique was employed to 
fabricate the FBGs. Because the PM fibres have two principal axes namely fast- and 
slow-axis, we have inscribed FBG structures along the two axes and also along the 
direction 45° to the two axes to see if there is fibre inscription direction dependency in 
the PM fibres. The schematic diagram of the inscription arrangements along the three 
different directions is shown in Figure 3.19. 
 
 
Figure 3.19 Schematic diagram of an FBG inscription with respect to PM fibre 
orientations, along: (a) fast-axis; (b) slow-axis; (c) 45º direction. 
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In order to evaluate the photosensitivity of PM125L and TP980, five FBGs were UV-
inscribed in the two PM fibres and one FBG in SMF28 fibre were fabricated under the 
same inscription condition for comparison. Before the UV-inscription, all PM fibre 
samples had been properly marked with the axis directions under a microscope, which 
were used as the fibre orientation reference for the inscription. After the inscription, 
all FBG fibres were annealed under 80 ºC for 24 hours for stabilisation. The FBGs on 
PM125L, TP980 and SMF-28 fibres were characterised with a commercial 
measurement system with a resolution of 20 pm (LUNA Technologies) before and 
after the annealing. Figure 3.20(a) and (b) plot the Bragg reflections (PDLs) for the 
two FBGs made in PM125L and TP980 Pm fibres and (c) depicts the typical spectra 
of FBG made in SMF-28 fibre. 
 
1545 1546 1547 1548 1549 1550 1551 1552 1553 1554 1555
0
5
10
15
20
25
 before annealing
 after annealing
P
D
L
(d
B
)
Wavelength(nm)
(a)
1545 1546 1547 1548 1549 1550 1551 1552 1553 1554 1555
0
5
10
15
20
25
30
 before annealing
 after annealing
P
D
L
(d
B
)
Wavelength(nm)
(b)
 
1545 1546 1547 1548 1549 1550 1551 1552 1553 1554 1555
-35
-30
-25
-20
-15
-10
-5
0
5
 before annealing
 after annealing
T
ra
n
s
m
is
s
io
n
(d
B
)
Wavelength(nm)
(c)
 
Figure 3.20 Typical transmission spectra of FBGs before and after annealing inscribed in 
(a) PM 125L; (b) TP980; (c) SMF-28 fibres. Note: there are dual peaks in the PM fibre, 
corresponding to the two orthogonal polarisation modes. 
From Figure 3.20(a) and (b), we can clearly see that there are two Bragg reflection 
peaks in the PM fibres corresponding to the two orthogonal polarisation states. These 
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dual peaks can only be fully excited when the launched light is fully polarised in the 
individual orthogonal directions, whereas there is only one Bragg peak for the SMF-
28 fibre due to its relatively low birefringence, as shown in Figure 3.20(c). Hence, the 
real strength of UV inscribed FBGs in PM fibres can only be resolved when they are 
probed by linearly polarised light. Generally speaking, all FBGs became slightly 
weaker after the annealing treatment and the annealing treatment also led to a blue-
shift of the Bragg peak. This blue-shift is mainly caused by the out-gas H2, resulting 
in a lower average refractive index change. Detailed information about the reflectivity 
and inscription direction for 5 FBGs are listed in Table 3-2. From the Figure 3.20 and 
Table 3-2, it can be seen that the FBG strengths in the PM fibres are as high as that 
(~30 dB) in SMF-28 fibre if the UV-inscription is along the fast-axis and a bit lower if 
along the slow-axis of the PM fibre. However, if the UV-inscription is along 45° 
direction of the PM fibre, the grating strength becomes even lower (only ~15 dB). 
These results indicate that the PM fibres may have sufficient photosensitivity after the 
H2-loading treatment while using high UV power, 45°-TFGs of high PDL may be 
produced in the two PM fibres. 
Table 3-2 Reflectivity of FBGs inscribed in two PM and SMF-28 fibres 
Grating Code Fibre Type Reflectivity (dB) 
Inscription 
Orientation 
FBG1 PM125L 20 Slow-axis 
FBG2 PM125L 14 45º 
FBG3 TP980 22 Slow-axis 
FBG4 TP980 30 Fast-axis 
FBG5 TP980 15 45º 
FBG0 SMF28 27 N/A 
3.4.2.3 Fabrication and PDL measurement of 45º-TFGs in PM fibres 
According to the description in the beginning of section 3.4, the UV beam should be 
at slightly de-focus position. As shown in Figure 3.19 , in the UV-inscription system, 
we have moved out the cylindrical lens by ∆f ~2mm from the focus position in order 
to expand the beam slightly. As indicated in the fabrication of FBGs, the fibre 
orientation should be also critical to the UV-inscription for 45°-TFGs in PM fibres. 
All PM fibre samples were marked with reference axis using a microscope system in 
order to set the fibre orientation correctly for oriented inscription. 
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In order to achieve high PDL, the UV inscription power has been increased to ~240 
mW. The scan speed has been kept the same as 0.04mm/s while single scan was 
employed to maintain the reproducibility of the gratings. For both types of PM fibre,  
45°-TFGs have been inscribed at the three designated axis (i.e. slow-axis, fast-axis 
and 45°-oriented). It can be seen from Table 3-3 and Table 3-4 that with the high UV 
power, high PDL values can be obtained (i.e. ~ 16 dB). Therefore, for 45°-TFGs 
inscribed in PM fibres, two major conclusions could be drawn indicating that: fast- 
and slow-axis inscription tend to give high PDL (~ 16 dB for slow-axis, ~8 dB for fast 
axis), while 45° is the most difficult orientation for strong grating inscription (~ 2 dB); 
second, with single scan, the grating inscription is also reproducible. However, this 
observation contradicts to our results from FBG inscription in PM fibres (section 
3.4.2.2) from which strong FBG is shown in fast-axis inscription.  
Table 3-3 45º-TFGs fabrication condition and PDL on PM125L fibres. 
Grating 
Code  
Fibre 
Type PDL 
Inscription 
Orientation 
P1 PM125L 16dB slow-axis 
P2 PM125L 15dB slow-axis 
P3 PM125L 8dB fast-axis 
P4 PM125L 6dB fast-axis 
P5 PM125L 2dB 45º-Oriented 
P6 PM125L 2dB 45º-Oriented 
 
Table 3-4 45º-TFGs fabrication condition and PDL on TP980 fibres. 
Grating 
Code  
Fibre 
Type PDL 
Inscription 
Orientation 
P7 TP980 16dB slow-axis 
P8 TP980 14.8dB slow-axis 
P9 TP980 8dB fast-axis 
P10 TP980 8dB fast-axis 
P11 TP980 2.5dB 45º-Oriented 
P12 TP980 2.9dB 45º-Oriented 
This could attribute to the geometrical structure of the PM fibre. As the stress rods 
applying parts (SAP) of the PM fibres are cylindrical, hence for slow-axis inscription, 
they may behave like a lens which could distort the fringe image in the fibre core. The 
fringe distortion would alternate the tilted angle in the fibre core from which central 
resonance wavelength of the 45°-TFG would vary. Paraxial analysis similar to that in 
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reference [11] for 45°-TFG inscription in PM fibre has been carried out to estimate 
the fringe distortion. As it is interested to determine the alternated tilted fringe angle 
through the SAP in the fibre core, the image fringe generated in the fibre core is 
considered to be produced at the flat surface of a half cylindrical lens through a build-
in full cylindrical lens. Figure 3.21(a) depicts schematic of the paraxial ray tracing for 
calculating the fringe distortion. In Figure 3.21(a), n1, n2 are the refractive indices of 
the cladding and SAP respectively, where generally the relationship n2<n1 applies. 
This is because the SAP is normally made by Boron doped silica which has higher 
thermal expansion coefficient and lower refractive index than those of the cladding. 
R1 is the radius of the fibre cladding which is positive. R2 and R3 are the radius for the 
left and right hand side of the SAP part, where R2 is positive and R3= - R2. MN 
denotes the object size, it is the fringe height pass the phase mask in this case. In the 
following calculation, the sign convention is indicated by superscripts + or – where ± 
means unknown. 
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Figure 3.21 (a) Paraxial ray tracing through a half cylindrical lens with build-in full 
cylindrical lens; (b) schematic description of fringe distortion in the fibre core. 
 
First, let us consider the image by the fibre cladding with a radius R1. Using the thin-
lens equations, then have: 
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Si1 value. The next step is to examine the image formed by the left surface of the SAP, 
the object distance with respect to point H is given by:  
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++ ≅ 22 dSo . At the left surface of SAP, apply the thin-lens 
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we can then derive: 
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Equation 3.9 then can be used to calculate the object distance through the right 
surface of the SAP giving that 123 +−+ += dSS io . In the paraxial approximation, when 
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Where ∆=(n2-n1)/n1 is the refractive index difference between the cladding and the 
SAP part in percentage. When applying the thin-lens equation at the right surface of 
the SAP: 
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From Equation 3.11, recall −+ −= 32 RR  it can be derived that: 
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Hence, the object distance through the flat surface is given by: 
 
Equation 3.13 +−+ += dSS io 34  
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Now using the Gauss formula with ∞=+4R  for the flat surface, 
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Now, if we consider the front view of the incident fringe and its image in the core as 
shown in Figure 3.21(b), we will have: 
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Where h is the displacement of the incident fringe plane from the normal of the z-axis. 
From Equation 3.15 and Equation 3.16, the distorted fringe image angle can be 
calculated as : 
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Refer to PM125L fibre (Figure 3.18(a)), the measured fibre parameters 
are mR µ5.621 =+ , mR µ1.192 =+ , md µ49.10=+ , md µ82.132 =+ , 005.0−=∆ , take 
51.1n1 = , the resulted internal grating fringe angle is ~ 45.65°. For TP980 fibre (refer 
to Figure 3.18(b)), the measured fibre parameters are 
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mR µ4.611 =+ , mR µ64.172 =+ , md µ68.8=+ , md µ44.172 =+ , the calculated resulted 
internal grating tilt angle is ~ 45.38°. Remember that according to the VCM 
simulation, the change in grating tilted angle could lead to variation of central 
resonance wavelength i.e Figure 2.4(d). Figure 3.22 demonstrates the VCM simulated 
results of spectral response against PDL for gratings tilted at 45° and 45.6°. The 
simulation has been optimised to fit for the spectral response of the 45°-TFG at 1.06 
µm which may have a red shift in resonance central wavelength due to the potential 
different effective modal index from theory calculation. It can be clearly seen that the 
grating tilted at 45° has a PDL of ~8 dB with ~12 dB PDL at 45.6° when the probe 
wavelength is set at 1.055 µm, which is the central wavelength of the home made 
YDFL. This simulation shows good agreement with the experimental observation of 
45°-TFG inscribed in PM fibres from which slow-axis inscription lead to stronger 
45°-TFG than fast-axis inscription. However, due to the lack of BBS at 1.06 µm 
region at the current stage, further confirmation and support of the theory will be left 
for future work.  
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Figure 3.22 Spectral response against PDL for grating tilted at 45° (black solid line) and 
44.2° (red dashed line) showing change of PDL at designed resonance wavelength. The 
black dashed line crosses the two PDL spectra depict the difference in PDL at the probe 
wavelength of 1.055 µm when using the YDFL. 
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3.5 Fabrication and Characterisation of Ex 45º-TFGs 
3.5.1 Introduction 
Tilted gratings with tilted angle >45º (ex 45º-TFG) have been reported very recently 
[114]. They behave like LPGs which couple the light from core modes to forward 
propagating cladding modes, but only to the high order ones, then resulting in a series 
of more densely distributed loss bands in transmission. These newly designed fibre 
gratings have index fringes excessively tilted with respect to the fibre axis which 
induce strong birefringence. Therefore, we may identify the equivalent fast- and slow-
axis relative to the fringe plane for ex 45°-TFGs, as shown in Figure 3.23.  
 
 
Figure 3.23 Schematic diagram of an excessively tilted grating structure with two 
assigned orthogonal polarisation axes. 
 
Due to the strong birefringence effect induced by the ex 45º-TFG, polarisation mode 
splitting effect is anticipated to occur. In research work presented here, this type of 
TFGs was fabricated with excessively tilted structure at around 78° in the fibre core. 
These gratings were then used as sensors and polarisation loss filters in later work.   
3.5.2 Fabrication of ex 45º-TFGs 
Ex 45º-TFGs with strong spectral profile can be UV inscribed in H2-loaded SMF-28 
fibre. Different from 45º-TFGs fabrication, for ex 45º-TFGs inscription, an amplitude 
mask was employed. We adopted the same fabrication configuration as described in 
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Figure 3.1(a). A commercial amplitude mask (from Edmund Optics Ltd) with a period 
of 6.6 µm was purchased for ex 45º-TFG inscription. Owing to the limited size of the 
amplitude mask, the effective exposure length of the fibre is only ~12 mm. In the 
experiment, the amplitude mask was tilted at ~73˚ to induce in-fibre fringes blazed at 
~78˚. A typical microscopic image of the 78º-TFG under 100× oil immersion 
objective lens is shown in Figure 3.24. The spectra of the fabricated 78°-TFGs were 
examined by the use of a similar setup depicted in Figure 3.7(a). 
 
Figure 3.24 Microscope image of a 78º-TFG examined by a 100× oil immersion 
microscopic lens. 
3.5.3 Spectral characterisation and PDL measurement of ex 45º-TFGs 
The measured transmission spectra of 78º-TFGs show a series of paired loss bands in 
the wavelength range from 1200 nm to 1700 nm, as shown in Figure 3.25(a). The pair 
feature is a clearly evidence of polarisation mode splitting. Initially, because the probe 
light was un-polarised, two sets of mode with orthogonal polarisation states were 
more or less equally excited, as all paired peaks are about 3 dB in strength (Figure 
3.26 (a)). We then used the combination of a polariser and a polarisation controller 
between the broadband source and the 78º-TFG to excite the modes with selective 
polarisation. As zoomed one paired peaks shown in Figure 3.25(b), when the probe 
light is polarised, either the equivalent fast- or the slow-axis mode can be fully excited 
or eliminated. For a fabricated 78°-TFG, the full strength of the loss peak reached ~10 
dB when it was fully excited. In Figure 3.25(b), the blue dash-dotted line indicates the 
fast-axis mode, while the dashed red line shows the slow-axis mode and the black 
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solid curve illustrates excitation of the two modes with un-polarised light. 
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Figure 3.25 (a) A series of paired loss bands of a 78°-TFG in the range from 1200 nm to 
1700nm measured using un-polarised light; (b) a paired loss peaks measured using 
polarised light showing full excitation and elimination of fast- and slow-axis modes. 
3.5.4 Thermal and refractive index response of the ex 45º-TFG 
3.5.4.1 Thermal response 
The thermal response of the 78º-TFG has been evaluated by mounting the grating on a 
heat exchange plate while monitoring the transmission spectrum with temperature 
elevation. We examined two pairs of modes of the 78°-TFG around 1560 nm and 
1610 nm. Figure 3.26 plots the wavelength shift of the two paired loss peaks when the 
grating was heated from 20 ºC to 80 °C. Due to the involvement of an extra polariser 
and polarisation controller for characterisation with the low power response of the 
light source at the interested wavelength region, the measured loss peaks almost reach 
the sensitivity limit of the OSA. Considering the resolution of OSA as 0.02 nm, these 
produce an experimental error of wavelength reading 0.04 nm as stated in the error 
bars. As clearly shown in the figure, the temperature responsivities of the two paired 
loss peaks are quasi linear. The temperature responsivities of the fast- and slow-axis 
modes around 1560 nm are 4.5 pm/°C and 5.5 pm/°C (Figure 3.26(a)) while are 4.5 
pm/°C and 7.5 pm/°C (Figure 3.26(b)) in the region around 1610 nm. Here we see 
that the temperature responsivity of the 78°-TFG shows dependency on mode orders, 
similar to the thermal behaviour of LPGs. We found in general the slow-axis mode 
has a higher temperature responsivity than fast-axis mode. The reason of this is still 
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unknown which will be left for future investigation. 
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Figure 3.26 Wavelength shifts of two paired loss peaks of the 78°-TFG against the 
temperature change in the regions around (a) 1560 nm and (b) 1610 nm. 
 
3.5.4.2 Refractive index response 
Because the ex 45º-TFGs are able to couple the light from forward propagating core 
to cladding modes, they are intrinsically sensitive to RI of the external medium. The 
78º-TFG was evaluated for RI sensing. The grating was fixed in a V-grooved 
aluminium plate to perform the RI evaluation experiment, which ensured the 
measurement free from other effects such as strain and bend. A series of certified 
commercial refractive index gel (from Carillgon Lab) were used to characterise the 
grating RI response. A BBS and an OSA were used to record the optical spectra for 
each RI. Figure 3.27 depicts the RI response of the two paired modes around 1560 nm 
and 1610 nm when the 78º-TFG was immersed in RI gels with RI change from 1.32 
to 1.38 with an increment of 0.01. It can be seen that when the RI value increases, the 
dual loss peaks begin to degenerate. This is mainly due to the reduction of the 
cladding and outer medium RI difference. The decrease in RI difference reduces the 
polarisation mode dispersion (PMD) of the cladding modes. The RI response of the 
fast- and slow-axis mode employing polarised light for 1560 nm and 1610 nm band is 
shown in Figure 3.28. In general, for both bands, the total wavelength shift is ~ +20 
nm from RI = 1.32 to 1.38, although the wavelength shift for 1610 nm band is slightly 
larger than that for 1560 nm band.  
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Figure 3.27 RI response of mode pair when subject into index gel from RI=1.32 to 1.38 
with an increment of 0.01 for (a) 1560 nm band and (b)1610 nm band. 
 
It is worthy to notice that the ex 45°-TFGs has strong RI response for the RI value 
around 1.3 which is different to that of the conventional LPGs [166]. This implies ex 
45°-TFGs may be more suitable for bio/chemical sensing for water based solutions.  
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Figure 3.28 RI response of fast- and slow- modes around (a) 1560 nm and (b) 1610 nm 
when the 78°-TFG was subjected to index gels with RI change from 1.32 to 1.38 with an 
increment of 0.01. 
 
Furthermore, it is noticed that for RI over 1.38, there is no more cladding modes 
coupling, only radiation mode coupling can be observed. 
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3.6 Chapter Conclusions 
In this chapter, we have studied the structures, inscription technique, PDL, spectral, 
thermal and RI response characteristics of the 45º-TFGs and ex 45º-TFGs.  
For 45º-TFGs, we have systematically studied the fabrication using the concatenation 
and single scan techniques at 1.5 µm region. The polarisation characteristics have 
been investigated thoroughly using various methods. The 45º-TFGs achieved high 
PDLs have shown function as in-fibre linear polarisers. I also explored the coupling 
between the 45º-TFG and PM fibres for which potential applications may emerge. 
45º-TFGs exhibit thermal independency although annealing would decrease the PDL 
by a small amount. The observation the SBR from a 45º-TFG has been reported in 
this thesis. Characterisation of SBR has also been performed. Thermally induced SBR 
peak shifts and large PDL have been identified and a 45°-TFG with an SBR may be 
used to realise single-wavelength and single-polarisation operation of a fibre laser. I 
have found that the thermal sensitivity of SBR is smaller than that of a conventional 
FBG. It is also discovered that when a 45°-TFG is surrounded by medium with RI 
close to the fibre cladding, the oscillations on its PDL and spectral profiles can be 
eliminated. The RI response of the 45°-TFG has been explored and discussed. 
For 45º-TFGs designed and fabricated for 1.06 µm region, although the initial trial 
was conducted on conventional photosensitive and SMF-28 fibres, we mainly focused 
on the investigation in PM fibres. It is found that slow-axis inscription produce higher 
performance than fast-axis inscription in the case of two types of conventional type 
PM fibres. Reproducible 45º-TFGs with ~16 dB PDL have been obtained with slow-
axis inscription while only ~8 dB for fast-axis inscription. The reason for this has 
been explained by paraxial ray tracing analysis and VCM theory. 45°-oriented UV 
inscription proved to be less efficient for 45°-TFGs production. In general, it is has 
been proved that 45°-TFGs can be inscribed in conventional PM fibres successfully. 
Finally, the fabrication and characterisation were performed on ex 45º-TFGs and 
several 78º-TFGs were UV-inscribed in low cost SMF-28 fibre, showing unique PM-
like LPG property. The 78°-TFGs exhibited polarisation mode splitting effect, 
indicating significant birefringence induced by the excessively tilted grating structure 
in the fibre. It is noted that such ex 45°-TFGs show less thermal sensitivities than the 
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conventional FBGs. In terms of RI response, we found that the coupled relative high 
order cladding modes at the longer wavelength side have a slightly higher RI 
sensitivity. However, the RI response range of ex 45°-TFGs is around 1.32 to 1.38 
which is quite different from that of LPGs, usually from 1.4 to 1.44. The down shift of 
the RI response range is mainly caused by the light coupling to the high order 
cladding modes in ex 45°-TFGs rather than to the low order ones in LPGs. Together 
with LPGs, this may be an advantage to broaden the entire liquid sensing range for 
bio/chemical sensing applications.  
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Chapter 4  
 
 
 
 
45º and Ex-45º Tilted Fibre Gratings 
– On the Application of Erbium 
Doped Fibre Lasers 
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4.1 Introduction 
Fibre lasers are very useful light sources in optical communication, optical sensing, 
and diagnostics etc. Due to the rapid development of optical communication, Erbium 
doped fibres (EDFs) showing strong emission at 1.5 µm region have attracted a lot of 
interest and been explored and utilised for a range of fibre lasers and amplifiers. Their 
advantages include the high compatibility, low cost, ease of fabrication etc, they also 
exhibit quite good mechanical and thermal stability. EDF based fibre lasers (EDFLs) 
have started to show their advantages over their conventional solid state counterparts. 
Polarisation is an important property of the laser beam. Nevertheless, in fibre lasers, 
this topic hasn’t led to extensive research yet. Therefore, generating polarised light 
within a fibre laser cavity is of great interest. From continuous oscillation to pulse 
formation, polarisation could play a significant role in light oscillation. Including a 
large birefringence element or an in-fibre polariser in the cavity is the most popular 
approach to drive a fibre laser to oscillate in single polarisation state. Tilted fibre 
grating (TFG) based asymmetric structure inherently increases the birefringence of 
the fibre laser system without breaking the format of optical fibre. Additionally, the 
tilted structures induced PDL makes them ideal in-line polarisation discriminators. 
This could further facilitate the polarised light formation in a standard laser cavity 
consisting of low-birefringence fibres.   
In this chapter, the functionality of both the 45º- and ex 45º-TFGs in generating 
polarised light from fibre laser cavities has been investigated. With the polarisation 
effects induced through tilted gratings, both single- and multi-wavelength laser 
cavities have been exploited. In addition, a mode-locked fibre laser giving out 
femtosecond output pulse will be demonstrated which presents the polarisation 
application of 45º-TFG in nonlinear photonics. 
 
4.2 Continuous Wave Fibre Lasers 
4.2.1 Single polarisation single wavelength fibre laser 
Polarisation, which is one of the fundamental properties of laser light, plays an 
 - 105 - 
important role in some laser systems. A well-known effect that could affect the 
polarisation properties of the EDFL system is the polarisation dependent gain (PDG). 
This physical phenomenon origins from the anisotropic absorption of the Erbium ion 
in the optical fibres. Optical fibres made from glass are amorphous from which the 
ions are generally randomly oriented. The fact is, if the EDFL is pumped with linearly 
polarised light, the ions oriented parallel to the pump polarisation state absorb much 
more than those of the orthogonal orientation. Consequently, the gain could 
distinguish from different polarisation state which significantly depends on the 
anisotropy of the Erbium ions [167]. Experimentally, this effect had been examined 
by using a high birefringence EDF while in the meantime, a Muller matrix method 
had been developed to explain it theoretically [168].  
Due to the intrinsic low-birefringence of the standard passive and active fibres, most 
of the fibre laser systems degenerate the two eigen-polarisation-states of the laser 
output. Using such fibres generally gives un-polarised output or, in other words, a 
very low degree of polarisation (DOP). This is undesirable in some applications for 
which single wavelength and single polarisation oscillation are required. To achieve 
single polarisation oscillation for fibre lasers, several methods have been proposed. 
One scheme involves the use of an integrated fibre polariser which adds complicity 
and loss to the structure [169]. Other approaches incorporate FBGs [142] or LPGs 
[170] written in high-birefringence (Hi-Bi) fibres. Recently, photonic crystal fibre 
(PCF) based devices have also been proposed to facilitate single polarisation fibre 
laser operation. McNeillie et al. have demonstrated a Hi-Bi PCF based single 
polarisation fibre laser [171] and a type of specially designed polarising PCF has also 
been used for implementing single polarisation fibre laser [172]. However, all these 
methods adopting specialty fibres impose high insertion loss to the cavity and, in 
addition, some devices such as PCFs are at high cost.  
Recently, tilted fibre gratings inscribed in standard and photosensitive single mode 
fibres have been demonstrated as broadband in-fibre polarisers [13]. Based on the UV 
patterning of the fibre core through a phase mask, tilted fibre gratings may exhibit 
advantages over other types of polariser. In the work demonstrated here, we have 
proposed and demonstrated a single polarisation fibre ring laser utilising such an 
intra-cavity 45º-TFG made in conventional photosensitive fibre. The proposed laser 
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shows a very high DOP of >99.8%. The laser also showed a good stability as the 
variation of DOP was only about ~0.2% when the laser output was monitored 
continuously for 5 hours in laboratory conditions. The slope efficiency of the laser has 
been evaluated and we also demonstrated the tuneability of the output up to ~1 nm 
while keeping the highly polarised status. 
4.2.1.1 Polarisation extinction ratio improvement 
In order to evaluate the polarising function of the 45°-TFGs in fibre laser system, two 
45º-TFGs which were discussed in Chapter 3 were adopted in the experiment. Both 
were fabricated via concatenation technique. TFG1 has a PDL of ~6 dB while TFG2 
is ~30 dB. We constructed a standard fibre ring laser (as shown in Figure 4.1(a)) 
consisting of ~6 m EDF (from Lucent Technologies). Two polarisation independent 
optical isolators (OIS) are used to ensure single direction oscillation. The fibre laser is 
pumped through a 980/1550 wavelength division multiplexing (WDM) from a grating 
stabilised 975 nm laser diode (from SDL), which can provide up to 300 mW pump 
power. A 10:90 coupler is employed to couple 10 % of laser power out of the cavity. A 
uniform FBG which has a Bragg resonance at 1550 nm, a reflectivity of ~97 % and ~ 
0.1 nm bandwidth is incorporated in the cavity through an optical circulator, 
providing a seed for single wavelength operation. The DOP of the laser output was 
measured with and without 45°-TFG. Figure 4.1(b) gives a typical output of the ring 
laser on the OSA. 
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Figure 4.1 (a) Schematic diagram of the fibre ring laser structure. The polarisation 
extinction ratio of the laser output is measured using the setup shown in dashed line box. 
(b) Typical output spectrum of the fibre laser. 
 
The DOP measurement of the output of the fibre laser is conducted by the setup 
shown in the dashed line box in Figure 4.1(a) and the DOP calculation is simply based 
on the following expression: 
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Equation 4.1  Degree of Polarisation (DOP)= %100
PP
P
dunpolarisepolarised
polarised ×
+
 
 
Where polarisedP  is the polarised part of the laser power, dunpolariseP is the unpolarised 
part of the laser power. Similar to the PDL measurement described in Chapter 3, 
adjusting polarisation controller (PC2) in Figure 4.1(a) can give the maximum power 
dunpolarisepolarisedmax P2
1PP ⋅+=  and minimum dunpolarisemin P2
1P ⋅=  of the fibre ring laser. 
The DOP can therefore be calculated by applying Equation 4.1. Without 45°-TFG in 
the laser cavity, the fibre ring laser produced the output with DOP only about ~ 22.6 
%. This indicates that the laser output is almost un-polarised. When incorporating the 
45°-TFG into the cavity, the laser output shows DOP of ~99.6% for TFG1 and ~99.9 
% for TFG2, which clearly manifests that the output of the laser is highly polarised 
and almost single polarisation. In comparison with ~22.6% without intra-cavity 45°-
TFG, this is a remarkable improvement and it is more interesting to note that by 
introducing a relatively weak 45°-TFG (like TFG1) into the cavity, a high PER state 
can also be achieved. 
4.2.1.2 Slope efficiency and stability performance 
The slope efficiency of the fibre laser has also been examined before and after 
inserting the stronger 45°-TFG (TFG2). The power meter employed to perform the 
measurement has a quoted resolution of 0.2 µW with a 5% measurement uncertainty 
which is regarded as the main error factor for the output power measurement. It can 
be seen clearly from Figure 4.2 that the threshold pumping power for the laser with 
and without TFG2 is similar which is ~8 mW. However, the slope efficiency 
decreased from 13.2 % to 7.9 % after the 45º-TFG had been incorporated. We believe 
this could be due to the 45º-TFG induced PDL related total loss in the laser cavity, 
mainly from the two splices.  
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Figure 4.2 Slope efficiency of the fibre ring laser before (■) and after (●) inserting the 
intra-cavity 45º-TFG. 
 
The polarisation stability of the fibre ring laser with the 45°-TFG in the cavity has 
also been investigated. The DOP were measured over 5 hours at the laboratory 
condition and the results are plotted in Figure 4.3. Apart from the systematic error 
from the power meter, the environmental effect may also play important role in the 
polarisation stability of the laser. Here, we indicate DOP errors by standard deviation 
of the measurement. The uncertainty in timing is estimated to be ±1 min. It can be 
seen that over 5 hours the DOP variation is within ~0.2 %, which is insignificant for 
most systems. We should stress that this stability could be improved if the ambient 
environmental variation could be properly controlled. 
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Figure 4.3 DOP stability measurement over 5 hours at the laboratory condition. 
 
4.2.1.3 Tuning ability  
As an FBG was used as a wavelength seeding element, this laser has a capability of 
continuous wavelength tuning. We have inspected the tunability by applying 
mechanical strain to the seeding FBG. Figure 4.4 shows the outputs when the FBG is 
under strains. From Figure 4.4 we can see the laser output has been tuned over ~1 nm 
range by applying strain up to ~1000 µε, and even larger range up to 40 nm may be 
achieved if the FBG has a preserved mechanical strain [173].  
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Figure 4.4 Output wavelength tuning through stretching the seeding FBG. 
 
4.2.1.4 Single polarisation, single wavelength fibre ring laser using 2nd-order 
Bragg resonance of 45º-TFG 
In Chapter 3, it is mentioned that the 2nd-order Bragg resonance (SBR) generated by 
the 45º-TFG exists. This SBR has shown both large PDL and narrowband reflection. 
Consequently, it can serve as a polarising grating which may produce polarised output 
in laser cavity. More importantly, this polarising grating is based on standard low-
birefringence fibres.  
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Figure 4.5 (a) Measured transmission spectrum of the 45°-TFG for both p-light and s-
light showing SBR at 1566.9 nm ;(b) measured PDL spectrum of the 45°-TFG 
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A typical optical spectrum of the 45°-TFG with SBR is shown in Figure 4.5(a). It 
shows a general insertion loss of ~ 0.4 dB for p-light while ~ 15 dB for s-light. Both 
p-light and s-light have a SBR reflection band centred at ~1566.90 nm and ~ 1566.92 
nm respectively with a similar 3 dB bandwidth of ~ 0.1 nm. The difference in SBR 
central wavelength is mainly due to the polarisation mode dispersion of the SBR. The 
strength of SBR for p-light is ~ 12 dB. Therefore a narrow bandwidth p-light 
polarising grating has been demonstrated. Figure 4.5(b) illustrates the measured PDL 
spectrum of the 45°-TFG, the large spike in the middle of the figure indicates the 
existence of SBR. The large spike comes from the polarisation mode dispersion of the 
SBR. In order to evaluate the polarising function of the 45°-TFG induced SBR, a 
standard fibre ring laser was constructed as shown in Figure 4.6(a) which is similar to 
Figure 4.1(a). Compare to Figure 4.1(a), both the FBG and 45°-TFG have been 
replaced by a single 45°-TFG with SBR response which can provide polarisation 
feedback to the laser cavity through an optical circulator. In order to evaluate the DOP 
of the laser, the output was measured through an OSA with a polariser and a 
polarisation controller, as shown in dotted box in Figure 4.6(a). 
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Figure 4.6 (a) Schematic of the proposed fibre laser configuration; (b) typical emission 
spectrum of the fibre laser; (c) slope efficiency of the fibre laser. 
Figure 4.6(b) gives a typical laser output optical spectrum displayed on the OSA 
showing lasing wavelength at 1566.9 nm which is defined by the central wavelength 
of the SBR. The DOP of the fibre laser was measured as high as ~99.8%, clearly 
indicating single polarisation oscillation of the fibre laser. Furthermore, as indicated in 
Figure 4.6(c), the laser exhibited a comparable slope efficiency of ~13.9 % to the 
system where a standard FBG was used for seeding (refer to section 4.2.1.2). Figure 
4.7(a) demonstrates the laser output amplitude variation monitored over 60 mins. The 
amplitude variation is measured to be only ~0.2 dB at the laboratory conditions, while 
Figure 4.7(b) depicts the laser tuning ability by applying mechanical strain on the 45°-
TFG. Here, ~1 nm tuning range has been demonstrated successfully.  
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Figure 4.7 (a) laser output amplitude variation monitored over 60 mins; (b) laser 
wavelength tuning by applying strain to the SBR. 
4.2.2 TFG based multi-wavelength switchable fibre lasers  
Optical fibre lasers with switchable multi-wavelength output are useful in many 
applications, such as WDM optical fibre communication systems, fibre sensors, 
optical instrument and system diagnostics and so on. FBGs are ideal wavelength 
selective components for fibre lasers due to their advantages of intrinsic fibre 
compatibility, ease of use, and low cost etc. EDF has been developed and widely used 
for commercial fibre lasers and amplifiers owing to its high optical gain and low noise 
figure in 1550 nm region. Because of its relatively broad homogeneous excitation, it 
is normally difficult to obtain stable oscillations with relatively close wavelength 
spacing in EDFLs at room temperature. Various techniques have been developed to 
suppress the mode competition induced by the homogeneous broadening of EDF, such 
as cooling down EDF in liquid nitrogen [174], incorporating a frequency shifter in the 
cavity [175], employing a hybrid gain medium [176] and utilizing spatial hole burning 
by inserting a multi-phase shift FBG in a linear cavity fibre laser [177]. Special laser 
cavity configurations for multi-wavelength operation by incorporating a segment of 
highly nonlinear photonic crystal fibre or dispersion-shifted fibre have also been 
reported [178-180]. In recent years, multi-wavelength fibre lasers operating at room 
temperature by utilising polarisation hole burning (PHB) effect from FBGs made in 
PM fibres have been studied extensively and various setups have been demonstrated 
[181-183]. Nevertheless, in all these setups, the PHB effect has only been studied with 
PM fibre based devices. In this section, single- and multi-wavelength switchable fibre 
lasers implemented fabricated utilising both 45º- and ex 45º-TFG in an EDF ring laser 
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cavity without any PM fibre based device have been investigated. In this combination, 
the 45°-TFG is used as an in-fibre polariser [13] and the ex-45º structure as a 
polarisation dependent loss filter. Firstly, a single polarisation, switchable, dual-
wavelength EDFL has been exploited. In this configuration, the separation between 
the switchable wavelengths can be more flexibly designed with potential tuning 
capability. Then, the extended version, a single polarisation, wavelength switchable, 
quadruple wavelength EDFL has been demonstrated. 
4.2.2.1  TFG based dual wavelength switchable, single polarisation EDFL   
UV-inscribed 45°-TFG and 77°-TFG were chosen to be incorporated into the ring 
EDFL to achieve dual wavelength switchable and single polarisation output.  
According to our study, TFGs with ex 45º tilted structures exhibit PDL properties, as 
they show paired polarisation loss peaks in the 1550 nm region [15]. In order to locate 
the paired polarisation loss peaks in the EDF gain spectrum, we choose a 77°-TFG, 
which was fabricated by rotating the amplitude mask by 73° in the UV-inscription 
system. The transmission spectrum of this 77°-TFG was first examined using a 
broadband source (Agilent 83437A) and an OSA, which is shown in Figure 4.8(a). 
From the figure we can see that all paired loss peaks exhibit near 3 dB strength, 
indicating the light is coupled almost equally to the two sets of cladding modes with 
orthogonal polarisation states. We also measured the 77°-TFG using polarised light 
from a broadband light source (AFC BBS 1550A-TS) with a low degree of 
polarisation while inserting a commercial in-fibre polariser and a polarisation 
controller between the light source and the 77°-TFG. As the zoomed spectra of one 
pair of peaks in Figure 4.8(b) shows, when the fast-axis mode is fully excited by the 
polarised light to ~12 dB, the slow-axis mode almost disappeared, and when the slow-
axis mode is fully excited to ~10 dB, the fast-axis mode almost disappeared. Equal 
power distribution occurs between the fast- and slow-axis modes when the probe light 
is un-polarised. This proves that although the 77°-TFG was made in standard telecom 
fibre, the excessively tilted structure makes it behaving as a PM-like device, i.e. a 
PDL filter.  
 
 - 116 - 
1200 1300 1400 1500 1600 1700
-8
-7
-6
-5
-4
-3
-2
-1
Tr
an
sm
is
si
on
(d
B
)
Wavelength(nm)
(a)
 
1546 1548 1550 1552 1554 1556
-26
-24
-22
-20
-18
-16
-14
-12
-10
 Fast axis mode
 Slow axis mode
 Unpolarised
T
ra
n
s
m
is
s
io
n
(d
B
)
Wavelength(nm)
(b)
 
Figure 4.8 (a) Transmission spectrum of the 77º-TFG over wavelength range 1200 nm – 
1700 nm; (b) Zoomed spectra of one pair of polarisation loss peaks of the 77º-TFG 
around 1550 nm measured with un-polarised (blue solid line) and fully polarised light 
(black dotted line for fast-axis mode, red dashed line for slow-axis mode). 
 
The 45º-TFG used as an in-fibre polariser in the EDFL system was fabricated 
previously using the concatenation method, employing a normal phase mask with 1.8 
µm period (from QPS), which was detailed described in Chapter 3. In addition to the 
two TFGs, two standard FBGs (G1 and G2) were used as seeding wavelength 
selectors, which were UV-inscribed in H2-loaded SMF-28 fibre with their Bragg 
wavelengths matching the two loss peaks of the 77°-TFG. Their spectra are shown in 
Figure 4.9. 
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Figure 4.9 Measured transmission spectra of the seeding FBGs: (a) G1 at 1547.07 nm; (b) 
G2 at 1551.65 nm. 
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It is shown in Figure 4.9 that the reflectivities of the two FBGs are ~2.51 dB and 
~2.28 dB at 1547.07 nm and 1551.65 nm, respectively, and the bandwidths are ~0.1 
nm for both G1 and G2. G2 was not quite matching with the slow-axis loss peak of 
the 77°-TFG, so was mechanically stretched to 1553.24 nm in the experiment. 
4.2.2.2 Principles of the EDFL system and experimental results 
The set-up for the proposed dual-wavelength switchable EDFL is shown in Figure 
4.10. In this configuration, the gain medium is a ~6 m of highly Erbium doped fibre 
(from Lucent Technology), which has an absorption coefficient of 12 dB/m. A 976 nm 
laser diode (from SDL) controlled by a commercial laser diode driver (Newport 505B) 
and temperature controller (Newport 300 Series) is used to pump the EDFL through a 
980/1550 WDM coupler. An OIS ensures an anticlockwise ring cavity. The 30 % arm 
of the coupler is used as the output port of the laser. A fibre PC is placed between the 
77º-TFG and the 45º-TFG. Two standard FBGs (G1 and G2) functioning as seeding 
wavelength selectors are coupled into the laser cavity via a circulator. The end of the 
FBG array is terminated by index matching gel in order to eliminate any unwanted 
background amplified spontaneous emission (ASE) noise. 
The operation principle of this dual-wavelength switchable EDFL is described as 
follows. The intra-cavity 45º-TFG has a very high PER, which can guarantee that the 
fibre ring laser will oscillate in single polarisation regime. The 77º-TFG will induce 
PDL to the ring cavity around its paired loss peaks’ region, thus imposing PHB effect 
to the gain medium in this region. The amplitude of the loss depends on the 
polarisation state of the light travelling in the 77º-TFG.  
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Figure 4.10 Schematic diagram of TFG based single- and dual-wavelength switchable 
EDFL. The inset describes the polarisation directions of the light launching to the 77º-
TFG 
 
By adjusting the PC to control the polarisation state of the light entering the 77º-TFG, 
i.e. polarised in the equivalent fast- or slow-axis of the 77º-TFG, single-polarisation 
and single-wavelength lasing at either 1547 nm or 1553 nm can be realised. Figure 
4.11(a) and Figure 4.11(b) show the single wavelength oscillation of the fibre ring 
laser at the two seeding wavelengths, respectively.  
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Figure 4.11 Single wavelength lasing oscillation of the propose fibre ring laser at two 
seeding wavelengths at (a) 1547.07 nm and (b) 1553.24 nm; (c) and (d) stability 
measurement of the two laser lines. 
The spectra were recorded every 5 min to examine the stability of the laser. The 
recorded spectra are plotted in Figure 4.11(c) and Figure 4.11(d) and show the laser 
output amplitude variation is less than 0.5 dB within 1 hour at the laboratory 
condition. From Figure 4.11 we can see that the side mode suppression ratio (SMSR) 
is larger than 50 dB for both laser lines. This value is higher than that of the EDFLs 
reported in references [181-183]. The higher SMSR of the TFG based system may be 
attributed to the ASE suppression function of the 45°-TFG and the low reflectivities 
of the two seeding FBGs.  
The measured DOP of the laser output was ~99.9 % for 1547.07 nm and ~99.8 % for 
1553.24 nm laser lines, indicating a high degree of single polarisation operation. If we 
change the polarisation direction of the launching light to 45° between the fast- and 
slow-axis of the 77°-TFG, as shown in inset in Figure 4.10, dual-wavelength laser 
output with two orthogonal polarisation states can be achieved. Figure 4.12 shows the 
dual-wavelength output at ~1547.07 nm and ~1553.24 nm of the fibre ring laser. The 
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dual wavelength operation has been continuously monitored for 20 mins and no 
noticeable amplitude variation was observed for a fixed PC position at room 
temperature (shown in Figure 4.12(b)).  
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Figure 4.12 (a) Dual wavelength lasing oscillation of the proposed fibre ring laser; (b) 
Stability of dual wavelength oscillation (20 times repeated scan). 
The slope efficiencies of the proposed fibre laser have also been characterised for both 
single- and dual-wavelength operation. Figure 4.13(a) shows that for single 
wavelength operation, the threshold pump power is just slightly lower than ~15 mW 
and the slope efficiencies are 0.22% and 0.12% for 1547.07 nm and 1553.24 nm 
lasing lines, respectively. The difference in slope efficiency could be due to the 
variation of the polarisation dependent gain of the EDF. While the laser working in 
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dual-wavelength operation, equal power distribution at ~1547 nm and ~1553 nm 
regions can be obtained by carefully tuning the PC. As shown in Figure 4.13(b), for 
dual-wavelength operation, the threshold pump power is just slightly higher than 15 
mW and the slope efficiency is ~0.06% which is much lower than that in the single 
wavelength operation. This is because in dual-wavelength operation, 77°-TFG 
induces some losses at the two lasing wavelengths, inevitably resulting in lower 
output for each wavelength. Since there were three extra fibre splices in the cavity and 
the TFGs may have some small intrinsic loss, it is expected that the slope efficiencies 
of the proposed EDFL system are to be low. Also, in general, for dual-wavelength 
operation, the laser stability reduces. The difference from the reflectivity’s of the two 
FBGs which match the loss peaks of the 77°-TFG may also contribute to unstable 
laser performance. These could lead to larger errors (~ 10 % ) compared to single 
wavelength operation regime. By reducing the loss and employing FBGs with higher 
reflectivity, the slope efficiency can be improved. However, the trade-off is the SMSR 
may reduce if the reflectivity of the seeding FBG is too high. 
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Figure 4.13 Slope efficiencies of the fibre laser at (a) single and (b) dual wavelength 
output. 
One may notice from Figure 4.11 and Figure 4.12, there is a small reflection peak at 
1546.5 nm adjacent to the lasing line at 1547.07 nm. This reflection was proved to be 
induced by the 45º-TFG. We experimentally verified this by monitoring the laser 
output port when the 77º-TFG and the two seeding FBGs were removed from the 
cavity. As shown in Figure 4.14, we see a strong reflection around 1546.5 nm when 
the cavity contained only the 45°-TFG. If the 45°-TFG is a perfect in-fibre polariser 
no feedback will be provided into the laser cavity, thus only strong ASE should be 
seen from the laser output port. This proved to be the 2nd-order Bragg reflection of the 
45º-TFG as discussed in Chapter 3. 
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Figure 4.14 45º-TFG induced second order Bragg reflection at 1546.5 nm in the fibre ring 
laser. 
4.2.2.3 TFG based multi-wavelength switchable, single polarisation EDFL 
Following the demonstration of single- and dual-wavelength operation by employing 
TFGs as intra-cavity polariser and PDL filter, we further investigated switchable 
multi-wavelength (more than two) output by using two ex-45º TFGs with un-
overlapped spectra. Figure 4.15 depicts the expanded version of the fibre laser 
providing the possibility of quadruple wavelength lasing operation. In order to support 
quadruple wavelength lasing, we inserted an 81°-TFG into the cavity as the second 
PDL filter, and also fabricated another two seeding FBGs with wavelengths at 1563 
nm and 1569 nm to match the PDL loss peaks of the 81°-TFG. In order to match the 
loss peaks of the 81°-TFG, the FBGs were designed with low reflectivities around 2.1 
dB and 5.6 dB respectively. A second PC was placed before the 81º-TFG for 
polarisation alteration purpose. The optical spectrum and polarisation properties of the 
81º-TFG are shown in Figure 4.16(a) showing the whole spectrum from 1200 nm to 
1700 nm with un-polarised probing light and Figure 4.16 (b) showing zoomed one 
paired peaks probed under polarised light.  
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Figure 4.15 Schematic diagram of the proposed EDFL using two ex 45º- and one 45º-
TFG which can support switchable quadruple wavelength oscillation. 
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Figure 4.16 (a) Transmission spectrum of the 81º -TFG over wavelength range 1200 nm – 
1700 nm; (b) Zoomed spectra of one paired polarisation loss peaks measured with 
randomly (black solid line) and fully polarised input lights (red dashed lines for fast mode, 
blue dotted line for slow mode). 
 
By adjusting the two PCs to control the polarisation state of the light entering the 77º-
TFG and 81º-TFG (polarised in the equivalent fast- or slow-axis of the ex 45º-TFGs), 
single-wavelength lasing at any of the four seeding wavelengths has been 
demonstrated. Figure 4.17 (a)-(d) clearly show the lasing at the four different seeding 
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wavelengths at 1547.05 nm, 1553.27 nm, 1563.05 nm and 1568.97 nm, respectively. 
We measured the DOP of the outputs from this fibre laser system by connecting the 
laser output to a polarisation controller with a commercial polariser and a power-
meter. The measured DOP was in the range of ~99.8% to ~99.9% for the lasing 
oscillation at four different wavelengths, presenting a very high degree of single 
polarisation operation of the laser system. 
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Figure 4.17 Single wavelength lasing at (a) 1547.05 nm, (b) 1553.27 nm, (c) 1563.05 nm 
and (d) 1568.97 nm. 
 
Again, by adjusting the two PCs to change the polarisation state of the light entering 
the 77º-TFG and 81º-TFG as this will change the PHB profile, the laser oscillation at 
double, triple and quadruple wavelengths can be obtained in this system. Figure 
4.18(a)-(c) show three sets of dual-wavelength oscillation at 1547.06 nm/1553.27 nm, 
1547.06 nm/1563.07 nm and 1553.27 nm/1563.07 nm, respectively. Figure 4.19(a)-(c) 
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show the three sets of spectra for triple-wavelength oscillation at 1546.94 nm/1551.99 
nm/1562.63 nm, 1551.99 nm/1562.63 nm/1568.89 nm, and 1546.94 nm/1551.99 
nm/1568.97 nm and Figure 4.19(d) shows the spectrum of quadruple lasing oscillation.  
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Figure 4.18 Illustration of dual-wavelength lasing at (a) 1547.06 nm/1553.27 nm (b) 
1547.06 nm/1563.07 nm and (c) 1553.27 nm/1563.05 nm. 
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Figure 4.19 Triple wavelength oscillations at (a) 1546.94 nm/1551.99 nm/1562.63 nm 
and (b) 1551.99 nm/1562.63 nm/1568.89 nm; (c) 1546.94 nm/1551.99 nm/1568.97 nm; 
(d) Quadruple wavelength oscillation for all four wavelengths. 
 
All sets of single- and multi-wavelength lasing oscillation have been continuously 
monitored for 30 minutes in the laboratory at room temperature for stability 
assessment. No noticeable amplitude fluctuation was observed for the laser operating 
at single- and multi-wavelengths when the PCs were fixed at the certain positions 
during the experiment. Figure 4.20 is an example of the long term monitored lasing 
profiles on the OSA for 20 mins for (a) single and (b) dual-wavelength lasing situation, 
showing no obvious change of output amplitude. Similarly, as shown in Figure 
4.21(a)-(d), no noticeable change is observed for triple and quadruple wavelength 
operation.  
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Figure 4.20 Stability measurements for one of the (a) single wavelength, (b) double-
wavelength operations, showing no noticeable variation for the output profile. 
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Figure 4.21 Stability description for triple-wavelength (a-c) and  quadruple-wavelength (d) 
oscillation, showing no noticeable variation for the output profiles. 
 
The measure SMSRs for single, dual, triple and quadruple wavelength lasing is 55 dB, 
50 dB, 48dB and 40 dB, respectively. The difference in SMSR may result from the 
variety in strength of the ex 45°-TFGs and the seeding FBGs.  
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4.3 Pulsed Fibre Laser 
4.3.1 Principles of laser mode-locking 
A laser can oscillate in a large number of longitudinal modes. In normal operation, the 
phase relationship among all the modes is random. Especially in the continuous wave 
resonator case, the beam intensity exhibits random time behaviour. If all the 
oscillating laser modes are somehow kept with a fixed relation between their phases 
while having comparable electric field amplitudes, the laser is called mode locked. 
This is one of the effective ways to get a strong laser pulse output. Any methods that 
can establish this phase relation is regarded as mode locking. Generally, mode locking 
can be explained in either frequency- or time-domain [154, 184].  
In the frequency domain, consider, for example, there are 12 +n  longitudinal modes 
oscillate with identical amplitude 0E . Suppose the phase lφ  of the modes is locked 
following the relation φφφ =−
−1ll  where φ  is a constant. Then the electric filed of 
the output beam can be written as : 
 
Equation 4.2 ( )[ ]{ }∑
+
−
+⋅∆⋅+⋅⋅=
n
n
l ltliEtE φωω00 exp)(      
 
Where 0ω  is the central mode frequency, ω∆  is the modal spacing between two 
adjacent modes, and the phase for central mode has been set as zero for simplicity. 
The total electric field of the beam can then be given as: 
 
Equation 4.3 )exp()()( 0 titDtE ⋅⋅⋅= ω  
Where  
 
 - 130 - 
Equation 4.4 ( ){ }∑
+
−
+⋅∆⋅⋅⋅=
n
n
l tliEtD φωexp)( 0   
 
The equation above indicates that the total electric field can be described in terms of a 
carrier wave centred at 0ω , and a time-dependent amplitude )(tD . By taking 
φωω +⋅∆=⋅∆ tt ' , we can rewrite the amplitude such as: 
 
Equation 4.5 ( ) ( )[ ]( )2/sin
2/12sin
exp)( 00 t
tnEtliEtD
n
n
l
′⋅∆
′⋅∆⋅+
⋅=′⋅∆⋅⋅⋅=′ ∑
+
−
ω
ω
ω  
 
The equation above shows that )(2 tD ′  is proportional to the beam intensity 20E , thus 
physically, producing a set of evenly spaced pulse train. This has been clearly 
depicted in the following picture. 
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Figure 4.22 simulation of pulse intensities mode locked by N evenly spaced modes for 
which N=5, 8, and 15. 
 
It can be seen clearly from Figure 4.22 that with a fixed cavity length and gain 
bandwidth, the pulse duration and pulse intensity can be significantly affected by the 
number of phase locked modes. The more modes are involved in the locking 
operation, the shorter pulse can be obtained. In this simulation, for simplicity, only 
equal amplitude electric fields have been taken into consideration. Consequently, for 
more modes, the output amplitude is much higher. In real lasers, most of gain medium 
will have a certain bandwidth profile rather than a flat one, i.e. Gaussian profile, 
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which could induce amplitude distinction. Nevertheless, as long as the phase is locked, 
pulse behaviour of laser oscillation can be achieved. To understand mode locking 
behaviour in time domain, we consider a typical mode locked pulse train shown in 
Figure 4.23.  
 
0
10
20
30
40
50
60
70
D
(t'
)2
/E
02
  (
a.
u)
time(ps)
 
Figure 4.23 A typical output pulse time behaviour description of eight oscillating laser 
modes with phase locking and equal amplitudes. 
In Figure 4.23, τ  indicates the pulse separation time representing the cavity round-
trip U  
 
Equation 4.6 
c
Ln ⋅⋅
=
2
τ  
 
where c is the speed of light in vacuum, n  is the effective refractive index of laser 
cavity, L  is the laser cavity length. τ∆  is the pulse duration. The mode locking 
operation can then be visualized as propagating a single pulse with a duration of τ∆  
which travels around the laser resonator cavity. Due to this description, mode locking 
could be obtained by integrating a high speed shutter in the laser cavity. Assuming the 
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shutter operated with a period of τ  with an open time of τ∆ , the shutter could 
possibly let only the giant pulse pass through. Thus, only this pulse could survive, 
therefore generating mode-locked pulses.  
Basically, any method can behave as a proper shutter would be possible to generate 
mode locking. Hence, it can have two types of laser mode locking, which are active 
and passive mode locking. For the former, normally, a phase modulator or an 
amplitude modulator is involved in mode locking operation. However, extra active 
components or high frequency electronic devices are always required for this type of 
mode locking. This further increases the complexity of the laser system. More 
importantly, the laser in this case is not self-starting. 
Passively mode-locked lasers employing an intra-cavity saturable absorber have 
evolved from fundamental science to commercial instruments, with a wide variety of 
applications in telecom, optical frequency comb generation, metrology, microscopy 
and nonlinear science. Femtosecond pulse generation in mode-locked lasers relies on 
a variety of physical effects including group-velocity dispersion (GVD), self-phase 
modulation (SPM) and amplification. Further, it is necessary to have some form of 
intensity discrimination to promote pulse formation from initial white noise. Over the 
past two decades, a number of different methods have been used including, among 
others, nonlinear polarisation rotation (NPR) [185-187], nonlinear interferometry 
[188-189], semi-conductor saturable absorber (SESAM) [190-192] and more recently 
single-walled carbon nanotubes (CNTs) [193-195].  
4.3.2 Mode-locked fibre laser using 45º-TFG 
Although solid-state mode-locked lasers remain the current workhorse for high-power, 
ultra-short pulse generation applications, there has been great interest in mode-locked 
fibre lasers due to the practical advantages they offer, such as superior wave-guide 
properties, reduced thermal effects, power scalability, and integrability with other 
telecom components. In general, a mode-locked fibre laser that is made from all-fibre 
components would be desirable. However, current fibre lasers rely on bulk optics in 
the laser cavity thus reducing the benefits of an all-fibre format. For instance, a 
common method to experimentally achieve intensity discrimination in a mode-locked 
fibre laser is through NPR. The basic principle of NPR is described below in Figure 
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4.24 [187, 196]. The light passing through a linear polariser can be transformed to 
elliptical polarisation by means of a set of wave plates or a polarisation controller. 
This polarisation ellipse can rotate from angle α  to an angle β  with respect to the 
fibre axis as shown in the diagram due to the Kerr effect induced by the fibre from 
which the polarisation ellipse will only rotate an angle while maintaining the ellipicity. 
If the second set of wave plates was at some position that can recover the elliptical 
polarisation state into linear which can match the analyser axis, then there is no loss 
for the transmission light. Because the optical Kerr effect induced change in 
polarisation ellipse is dependent on the intensity of the pulse, the light transmission 
through the analyser is intensity dependent. By appropriately selecting the 
polarisation ellipse through polarisation controllers, one can discriminate the pulse 
energy by maximizing the transmission for the highest pulse intensity and blocking 
propagation of lower energy pulses, thus creating an intensity discriminator i.e. a 
saturable absorber. Therefore, a self-started mode locked fibre laser could be obtained.  
 
 
Figure 4.24 Schematic diagram of NPR effect in an optical fibre based system. 
Usually, a bulk optic polariser is used in this configuration, resulting in high cavity 
loss due to the coupling between fibre and bulk segments. Compared with bulk optic 
polarisers, in-fibre polarisers are more desirable in fibre systems due to their light 
weight, low insertion loss, and high coupling efficiency. Several types of in-fibre 
polariser have been demonstrated [169, 172], however they lack the robustness and 
integrity necessary to take full advantage of an all-fibre device. Recently 45º-TFGs 
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have been shown to exhibit strong PDL property, as the light through the grating 
shows small transmission loss for the p-light whereas the s-light loss remains 
significant. This polarisation discrimination mechanism enabled the 45°-TFGs being 
used as  a PDL equaliser [11] and a broadband polariser [13] in optical 
communication systems. Furthermore, these polarising gratings have been 
successfully used to generate single polarisation continuous output in an all-fibre laser 
structure [197].   
In this section, we focus on pulsed light generation and present a novel all-fibre 
mode-locked laser that is passively mode-locked using NPR and a 45º-TFG 
polarisation element. 
4.3.3 Mode-locked fibre laser configuration and experimental results 
The 45º-TFG used in the experiment was fabricated as described in Chapter 3.                                             
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Figure 4.25 Measured (a) PDL response (b) transmission of the 45º-TFG used for mode 
locking from 1525 nm to 1608 nm. Note, the oscillating and smooth curves were obtained 
when the 45°-TFG were surrounded by air and index gel (RI=1.456).  
Figure 4.25 shows the characteristic PDL and transmission profile of the 45°-TFG 
used for the mode locking experiment over a large wavelength range (~80 nm) that 
almost covers a typical gain bandwidth of EDF. As shown in figure (a), the PDL is ~ 
22 dB at 1550 nm and drops to ~10 dB at 1600nm. Figure 4.25(b) indicates there is an 
average ~1.5 dB insertion loss across the entire spectrum for p-light while 
transmission loss is much higher for s-light, which mainly from PDL effect.  
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The mode locking laser experimental set-up is shown in Figure 4.26. The laser 
consists of ~6 m conventional EDF (from Lucent Technologies) with nominal 
absorption coefficient of 12 dB/m at 1530 nm and normal dispersion -8.6 ps/nm/km. 
The length of the passive fibre segment is ~12 m and the length of the fibre 
incorporating the 45°-TFG is ~50 cm. The 45°-TFG was made in B/Ge co-doped 
photosensitive fibre, which has anomalous dispersion of ~10 ps/nm/km, thus giving a 
net-anomalous dispersion of the laser cavity ~8.7 ps/nm/km. We expect soliton-like 
pulse formation where the GVD and SPM counter-balance. Two polarisation 
independent optical isolators are used to ensure single direction oscillation. The fibre 
laser is pumped through a 980/1550 WDM from a grating stabilised 975 nm laser 
diode (from SDL), which can provide up to 300 mW pump power. A set of 
commercial laser diode driver and temperature controller (Newport 505B & 300) is 
used for stabilising the pump laser. Two fibre polarisation controllers are located 
before and after the 45°-TFG. A 10:90 fibre coupler is employed for which the 10% 
port is used to couple out the laser light. The laser output is connected to another 
isolator to ensure that unwanted reflection does not couple back into the laser cavity.  
 
Figure 4.26 Schematic configuration of the 45º-TFG based mode locked femtosecond 
fibre laser. The output is split into two parts so that the autocorrelation trace and 
oscillogram can be viewed in the same time. 
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The effect of NPR with the 45°-TFG based in-line polariser provides the necessary 
intensity discrimination for mode locking. Since the net GVD is anomalous, GVD and 
SPM counter-balance to give soliton-like pulses. By properly adjusting the two PCs in 
the system, stable mode-locked pulses can be obtained. The optical pulses have been 
amplified and then fed through to an autocorrelator whose resolution is 44 fs (from 
INRAD Inc. MODEL 5-14B). Figure 4.27(a) shows the auto-correlation trace of the 
pulse corresponding to a pulse duration of ~600 fs. Figure 4.27(b) shows the optical 
spectrum of the fibre laser centred at 1553 nm with a spectral bandwidth at full-width 
half-maximum (FWHM) of ~9 nm, thus giving a time-bandwidth product of ~0.6, 
indicating the pulse is slightly chirped. A typical pulse train is shown in Figure 4.27(h) 
with a 90 ns interval between two adjacent pulses, giving a repetition rate of 10.34 
MHz. The output pulse power is 12 mW which corresponds to the output energy of ~1 
nJ. By adjusting the two sets of polarisation controllers, the mode locked wavelength 
exhibits a certain degree of tunability from 1548 nm to 1562 nm with pulse durations 
from ~600 fs to ~1 ps. This is shown in Figure 4.27(c)-(g) 
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Figure 4.27 Measured typical auto-correlation trace and the corresponding sech2 fit of (a) 
laser mode locked at 1553 nm; optical spectrum of laser mode locked at (b)1553 nm, 
(c)1546 nm, (d)1554 nm, (e)1561 nm, (f)1562 nm, (g)1560 nm; (h) a typical output pulse 
train of the mode-locked fibre laser from the oscilloscope showing a repetition rate of 
~10.34MHz. 
The measured pulse width and time-bandwidth product (TBP) as a function of the 
wavelength are shown in Figure 4.28. Since the TBP of the output pulses is larger 
than 0.3, the output pulses are not transform limited. However, simple optimization of 
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the cavity design (fibre lengths, etc.) could lead to transform limited pulses at the 
output coupler. 
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Figure 4.28 Measured pulse width and time-bandwidth products as a function of the 
wavelength. 
We have also measured the Frequency Resolved Optical Gating (FROG) spectrogram 
of the output laser pulses. FROG detection can provide a more accurate measurement 
of the laser pulses while showing phase information. Figure 4.29 depicts the main 
FROG measurement results. 
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Figure 4.29 FROG traces and the corresponding retrieved pulse shape and phase 
information for (a)&(b)1553 nm, (c)&(d)1546 nm , (e)&(f)1554 nm, (g)&(h)1561 nm, 
(i)&(j)1562 nm, (k)&(l)1560 nm.  
Figure 4.29 describes the FROG traces, the corresponding pulse shape and phase 
information of various pulses obtained in Figure 4.27. Because auto-correlation only 
provides the pulse duration assuming the pulse has certain shape i.e. 2sech  which is 
the typical soliton case, it does not give the actual pulse shape. In Figure 4.29(f), (h) 
and (j), the pulses we obtained were shown to be quasi- 2sech , while in Figure 4.29(b), 
(d) and (l) the pulses shape show distortion from 2sech . This distortion may due to 
the imperfect balance between SPM and GVD for different polarisation rotation. Also, 
Figure 4.29(h) and (j) tell that there is frequency chirp in the output pulses and the 
chirp effect is negligible in other situations. 
Although the 45°-TFG has functioned as a high efficiency polarisation element to 
(i) 
(k) 
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achieve mode locking in a net-anomalous dispersion laser cavity, it can be used in a 
variety of mode locked fibre laser configurations. For example, future studies will 
pursue the use of this all-fibre configuration (such as all-normal dispersion fibre lasers 
[198-199]) to achieve higher pulse energies.        
4.4 Chapter Conclusions 
This chapter presents the experimental investigation of the functionality and 
application of 45º- and ex 45º -TFG in EDFLs emitting continuous wavelength 
switchable laser light of single polarisation and femtosecond pulses in the region of 
1.5 µm.   
The results were clearly shown that the 45º-TFG functions as an efficient device in 
polarising the intra-cavity laser beams. Also, the combination of both 45º-TFG and 
ex-45º TFG used as intra-cavity polariser and PDL filter enabled the EDFLs operating 
at single, dual, triple and quadruple wavelengths of with single polarisation status.   
The EDFLs exhibited stable output laser beam at designated wavelength with high 
DOP > 99.8%. This indicates a highly polarised output laser beam with good signal 
quality. Due to the long cavity length of the EDFLs, single mode operation was not 
expected at this situation. However, methods to achieve single mode operation have 
been proposed for further improvement of the laser performance such as by inserting 
a saturable absorber [200] or narrow band filters [201]. The EDFLs demonstrated in 
this chapter have also shown capability of tuning from which tunable EDFL or EDFL 
based laser sensor systems could be developed.  
In addition to continuous operation, the application of 45º-TFG in a standard fibre 
ring cavity has successfully acted as a saturable absorber, mode locking the laser 
producing femtosecond scale soliton laser pulses based on the NPR effect of the 
cavity incorporated with the 45°-TFG. The utilisation of the 45º-TFG, this laser has 
demonstrated wavelength tuning within a certain range. Both auto-correlation and 
FROG measurement have been done with respect to the output laser pulses, showing 
detailed information regarding the output laser pulses. The mode-locked laser 
demonstrated in the chapter was an initial experiment of the 45º-TFG application in 
nonlinear photonics, therefore further optimisation of the laser cavity might be 
required to produce ideal laser pulses. Furthermore, this implementation could be 
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extended to 1 µm region for future investigation that could generate high energy laser 
pulses.  
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Chapter 5  
 
 
 
 
45º- and Ex 45º- Tilted Fibre 
Gratings –On the Application of 
Optical Fibre Sensors 
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5.1 Introduction 
As mentioned in Chapter 2, fibre gratings can offer smart solutions in test and 
measurement fields. They appear to be ideal candidates as sensors due to their light 
weight, ease of fabrication and EMI resistance. Previously, most sensing applications 
have been based on FBGs and LPGs. Recently, TFGs have shown potential in the 
domain of optical sensing. Chehura et al presented a temperature and strain 
discrimination sensor using a single TFG [202]. Shao et al implemented a directional 
bend sensor with a TFG [203]. Shao and Albert reported an inclinometer 
incorporating both a TFG and a section of fibre taper [134]. Guo et al presented a 
displacement sensor using non-uniform TFG showing temperature resistance [162]. 
Recently, optical bio-/chemical-sensors have attracted a lot of interests because they 
can provide real-time, accurate and low cost measurement of bio-species. TFGs have 
already exhibited excellent performance in refractive index (RI) measurement which 
is an important property of most bio/chemical samples. An etched TFG structure in 
multimode fibre has been shown in performing chemical-sensing application [204]. 
Cladding modes coupling of TFG has been used for RI sensing from which 
transmission spectrum change can be detected [205]. Offset splicing aiming for 
reflected cladding modes coupling monitoring of a TFG has been applied as a low 
cost in-fibre refractometer [206]. Surface Plasmon Resonance (SPR) using TFGs have 
also been demonstrated for RI sensing [207-208]. Miao et al designed a humidity 
sensor based on RI change of the coating layer of a TFG. A more systematic 
investigation of applications of TFGs at 800nm was reported by Suo et al including 
strain, temperature and RI responses [209]. 
So far, most of TFGs used in sensors have small tilted angle. 45º- and ex 45º-TFGs 
have been less investigated in sensor systems. Zhou et al reported an in-fibre 
refractometer of high responsivity with low thermal cross sensitivity using an ex 45º-
TFG [15]. Chen et al demonstrated a twist sensor using an ex 45º-TFG [14]. In this 
chapter, it further explores the application 45º- and ex 45º-TFGs on the application of 
optical sensors. First, it will demonstrate a liquid level sensor using an ex 45º-TFG. 
Then, it will report a fibre laser based twist sensor and strain sensor incorporating an 
intracavity ex 45º-TFG, which offers low-cost time domain signal demodulation for 
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twist and strain sensing. Then, it will propose a fibre laser based loading sensor, 
which is the application of 45º-TFG based single polarisation fibre laser. Finally, the 
conclusion will be presented at the end of the chapter. 
5.2 Liquid Level Sensing Using Ex 45º-TFG 
5.2.1 Introduction to level sensing 
Liquid level sensing is of great interest for a range of industrial applications. 
Traditional liquid level sensing is mostly based on mechanical [210] and electrical 
[211] techniques. Although electrical sensors are widely applied, they have the 
disadvantage of not being suitable for conductive and explosive environments. 
However, optical sensors are immune to EM interference and more desirable for such 
hazardous situations. Over the last decade, a range of liquid level detectors based on 
optical fibres have been developed, including using micro-bending optical fibre [212], 
a cantilever based FBG [213], a high-birefringence-fibre loop mirror [214] and a 
Fabry-Perot optical fibre cavity [215]. Low-cost liquid level sensor utilising the 
measurement of fibre total internal reflection induced intensity change is also reported 
[216-218]. Recently, Khaliq et al demonstrated a LPG based liquid level sensor 
utilising the detection of surrounding medium refractive index [219]. Their results 
showed that LPG based level sensor can provide better performance only for liquids 
with refractive index much higher than water based solutions. This section 
demonstrates an optical fibre liquid level sensor based on RI response of an ex 45º-
TFG. 
5.2.2 Grating characteristics 
The ex 45º-TFG used in our liquid level sensing experiment was UV-inscribed in 
standard single mode fibre. Detailed information regarding the fabrication can be 
found in §3.5.2. The ex 45º-TFG has ~78º internal angle with a length of ~ 12 mm. 
The fabricated 78º-TFG has been annealed at a temperature of 80°C for 24hours for 
stabilisation. The measured optical spectrum and polarisation properties of the 78º-
TFG can be referred to Figure 3.26.    
 - 147 - 
As the mode coupling involving high order cladding modes, the 78º-TFG is 
intrinsically sensitive to RI change. Its RI response has been discussed in detail in 
§3.5.3.2. It is also noted that when the 78º-TFG was submerged in water, degeneration 
of the two orthogonal polarised modes occurred, i.e. the paired peaks merged to one 
strong peak and shifted to the longer wavelength side, as shown in Figure 5.1. It is 
this wavelength shift under water provides a capability of an ex 45°-TFG for liquid 
level sensing.  
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Figure 5.1 The transmission spectra of a 78º-TFG when it is in air (black solid line) and 
immersed in water (red dotted line). 
 
5.2.3 Liquid level sensing experiment 
In the liquid level sensing experiment, the section of the fibre containing the grating 
was taped to a plastic tube and then immersed into the water in a beaker. A slot was 
milled on the surface of the tube to house the fibre grating ensuring in full contact 
with water and also maintaining grating straight to eliminate any effect from bending. 
The beaker was mounted on a vertically driven micrometer stage to control the water 
level on the submerged 78º-TFG. Thus during the whole experiment, there was no 
fibre movement involved. The schematic diagram of the experimental setup is shown 
in Figure 5.2(a).  
When the 78º-TFG is partially immersed in the water, it can be regarded as 
constituting two individual gratings surrounded by air and water, respectively. Thus, if 
we concentrate on one pair of cladding modes of the 78°-TFG we can see on the 
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spectrum a paired loss peak plus a broad peak on the longer wavelength side; the 
former is generated by the air-surrounded section and the latter by water-surrounded 
section of the grating. Because the polarisation mode dispersion (PMD) of the 
cladding modes will change with the water level, we have evaluated the 78º-TFG 
spectral response to the water level change by examining the fast- and slow-axis mode 
using polarised light. Figure 5.2(b) shows transmission spectra when the slow-axis 
mode around 1560 nm is coupled for three different liquid levels: the left peak (red 
solid line) indicates that the grating fully exposed to air surrounding, the middle two 
peaks (blue dashed line) occur when the grating is immersed in a half way to the 
water and the single peak (black dotted line) on the right shows that the grating is 
fully immersed under water.  
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Figure 5.2 (a) schematic diagram of the experimental setup for liquid level sensing; (b) 
Transmission spectra of the 78º-TFG for slow-axis mode coupling around 1560 nm: the 
left-side (red solid line) , right-side (black dotted line) single peak and the middle dual 
peaks (blue dashed line) corresponding to the grating surrounded by air, water and half 
way in water. The air- and water-surrounded peaks evolving with increasing water level 
for (c) slow-axis mode and (d) fast-axis mode. 
 
Figure 5.2(c) displays the spectral evolution of the slow-axis mode when the 78°-TFG 
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was surrounded from entirely by air to water. It is shown that with increasing water 
level, the loss of the air-surrounded mode decreases whereas the loss of the water-
surrounded mode increases. The fast-axis mode showed a similar spectral evolution, 
as displayed in Figure 5.2(d). Figure 5.3(a) and Figure 5.3(b) plot the transmission 
loss against submerging length of the 78º-TFG in water for the fast- and slow-axis 
mode, respectively.    
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Figure 5.3 Transmission change measured for the length of the 78°-TFG in water for the 
grating sections surrounded by water (■,□) and by air (▲,△) for (a) fast-axis mode and 
(b) slow-axis mode. 
By examining Figure 5.3 we can see that by monitoring the transmission loss of the 
fast-axis or slow-axis mode of the 78°-TFG, the water level can be measured. 
However, one can notice that there is an initial insensitive range from 0 mm to 3 mm 
for the air-surrounded modes. After this insensitive region, the grating responding to 
the water level from 3 mm to 10 mm is quite linear followed by a secondary 
insensitive region from 10 mm to 12 mm. While for the water-surrounded modes, the 
grating exhibits linear response to water level from 0 mm to 8 mm and becomes 
insensitive from 8 mm to 12 mm. The reason why the sensing range is different 
between the air-surrounded and water-surrounded mode is not clear so far. To get a 
better interpretation on the liquid level sensor, the results have been re-plotted in 
Figure 5.4 by excluding the insensitive region.  
 - 151 - 
0 2 4 6 8 10
0
20
40
60
80
100
 Air Surrounded Fast Axis Mode 
 Water Surrounded Fast Axis Mode
 Y=13.6*X-35.8
 Y=-13.1*X+106.1
T
ra
n
s
m
is
s
io
n
 %
Length of 78
o
-TFG immersed in water (mm)
(a)
0 2 4 6 8 10
0
20
40
60
80
100
T
ra
n
s
m
is
s
io
n
 %
Length of 78
o
-TFG immersed in water (mm)
 Air Surrounded Slow Axis Mode 
 Water Surrounded Slow Axis Mode
 Y=12.9*X-36.4
 Y=-12.1*X+104.9
(b)
 
Figure 5.4 Re-plots of transmission change for the length of the 78°-TFG in water (■,□) 
and in air (▲,△) for (a) fast-axis mode and (b) slow-axis mode. 
In Figure 5.4(a), it can be seen that although the sensing range of the air-surrounded 
and the water-surrounded fast-axis mode is different, the sensitivity for both modes 
are quite similar which is ~ 13 %/mm. While in Figure 5.4(b), the air-surrounded and 
the water-surrounded slow-axis mode show a sensitivity of ~ 12 %/mm. This is more 
than twice of the sensitivity of the LPG based liquid level sensor which is 4.8 %/mm 
[219]. Therefore, both fast-axis and slow-axis mode can be used for water level 
sensing with similar sensitivity and measurement range. The measurement 
uncertainties mainly arise from the OSA with a quoted accuracy of 7 % (0.3 dB) in 
level measurement and the environmental effect because the device is polarisation 
sensitive. We found that, in general, ~ 10 % gives reasonable measurement error range 
for linear fit of the data. Nevertheless, for water-surrounded modes, when the 
transmission is getting lower, the uncertainty can increase up to ~ 35 %. This is 
because when the transmission of the peak gets smaller, it may reach the sensitivity 
limit of the OSA which will generate extra reading errors to determine the 
transmission.  
Although LPGs based liquid level sensors have been demonstrated, their intrinsic high 
temperature cross-sensitivity limits their use in real application and thus a temperature 
compensation scheme is normally required. By evaluating the temperature sensitivity 
of the 78º-TFG (shown in Chapter 3), it is found that the thermal sensitivity of the 
78°-TFG is lower than that of a standard FBG, then much lower than that of an LPG. 
Therefore, temperature compensation scheme may not be necessary with the ex 45°-
TFG as a water liquid level sensor. However, it must be pointed out that the 
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measurement range of both the LPG and ex 45°-TFG based liquid level sensor is 
limited by the length of the grating. 
5.3 Fibre Laser Twist Sensor System Using an Ex 45º-TFG 
5.3.1 Introduction 
Embedded twist sensors are important devices to monitor the health condition of 
engineering structures and have been received considerable attention for smart 
structure applications. Traditional twist sensors are based on angle measurement 
devices like optical encoders and magnetic sensors [220]. Optical fibre grating based 
twist sensors are intrinsically small and easy to implement. For example, a corrugated 
LPG has been demonstrated for twist sensing [221]. Unfortunately, this type of sensor 
can not address the twist direction. Wang and Rao proposed a CO2 laser fabricated 
LPG based twist sensor which can measure both twist angle and direction [222]. 
Tilted fibre grating using polarisation properties has also been described as a passive 
twist sensor with capability measuring both twist direction and rate [14]. However, so 
far, most of the reported optical twist sensors are all passive and need expensive 
optical spectrum analyser and external broadband source to demodulate the optical 
signal. In this section, a low-cost time domain measurement based twist sensor using 
an ex 45º-TFG incorporated in a fibre laser cavity will be presented. By measuring the 
fibre laser build-up time using a low cost photodiode and a standard oscilloscope, 
both twist direction and angle can be identified simply. 
5.3.2 Experimental setup and operation principle 
5.3.2.1 Characteristics of FBG and ex 45º-TFG 
For this experiment, a uniform FBG and an ex 45º-TFG were fabricated. The internal 
angle of the ex 45º-TFG is ~79°. A phase mask with a period of 1.07 µm was used to 
UV-inscribe the normal FBG with a reflectivity of ~6 dB at 1551nm. As mentioned in 
Chapter 3 that ex 45º-TFGs exhibit strong polarisation mode splitting property, the 
fabricated 79°-TFG has shown pronounced dual-peak features on its transmission 
spectrum, induced by the PMD. Figure 5.5(a) gives the transmission spectra of the 
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79°-TFG from 1200 nm to 1700 nm showing pairs of loss bands. Figure 5.5(b) shows 
the transmission spectra of one paired polarisation loss peaks of the 79°-TFG for the 
launched light at three different polarisation states and Figure 5.5(c) shows the 
transmission interchange when the polarisation state changes from fast-axis mode to 
slow-axis mode under applied twist. 
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Figure 5.5 (a) Optical transmission spectra of the 79º-TFG in the range from 1200 nm to 
1700 nm; (b) Spectra of the 79º-TFG probed by un-polarised light (blue solid line) and 
polarised light at two orthogonal states (black dotted line and red dashed line); (c) the 
transmission interchange between the split peaks when the polarisation state changes 
from fast mode to slow mode.  
5.3.2.2 Ex 45º-TFG based fibre laser twist sensor system 
The set-up for the proposed ex 45º-TFG based fibre laser twist sensor system is 
shown in Figure 5.6(a). In this configuration, the gain medium is a ~1 m 
Erbium/Ytterbium co-doped fibre, which is pumped by a 975 nm laser diode through 
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a 980/1550 nm WDM coupler. A 3 dB coupler formed a Sagnac loop is employed as 
the high reflection mirror in the laser cavity. The pump is modulated by a square wave 
through a standard function generator at 5 Hz. The laser output is connected to a low 
noise photodiode, and the build-up time is measured via a two-channel digital 
oscilloscope (Tektronix TDS2012). 
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Figure 5.6 (a) Schematic diagram of the proposed ex 45°-TFG based fibre laser twist 
sensor system; (b) Typical build-up time trace of the fibre laser observed on a digital 
oscilloscope. Modulation signal is shown in dotted line; laser output signal is shown in 
solid line. 
5.3.2.3 Twist sensing principle  
In a modulated laser system, when the pump is switched on, the laser will reach a 
stable state after a series of relaxation oscillation. Thus, there is a finite build-up time 
associated with each lasing state at certain pump and loss conditions. Therefore, if the 
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gain medium and the pump condition are not changing, the laser build-up time is only 
related to the intracavity loss. Because the ex 45º-TFG itself is a PDL filter, when an 
ex 45º-TFG is inserted to the laser cavity and subject to twist, the intracavity loss will 
be modulated accordingly, hence affecting the laser build-up time. Based on this 
principle, the twist experienced by the grating can be monitored by measuring the 
build-up time of the laser cavity. Figure 5.6(b) shows a typical oscillation trace of the 
laser oscillation build-up process. 
5.3.3 Experimental results 
In the experiment, a segment of laser cavity fibre with an UV-inscribed ~12 mm 79°-
TFG was fixed by a clamp on one side and the other side was mounted on a fibre 
rotator, as shown in Figure 5.6(a). The fibre was under a little tension to position fibre 
straight in order to eliminate the crosstalk induced from other effects such as axial 
strain, bending etc. In the experiment, the lower and upper modulation pump levels 
were first set at constant values of 14.6 mW and 43.3 mW, respectively, and the 
clamped fibre was twisted from 0 to 150° with an increment of 10° in both clockwise 
and anti-clockwise direction. The build-up time was measured for each twist and the 
normalised results are plotted in Figure 5.7(a). From the figure we can see clearly that 
at the initial position, i.e. under 0° twist, the 79º-TFG induced loss is at maximum, so 
the build-up time is at largest value. When the fibre is twisted in clockwise and anti-
clockwise direction, the 79°-TFG induced loss decreases and the build-up time 
reduces accordingly with increasing twist. This twist experiment was repeated for a 
lower pump modulation level set at 24 mW and we saw that the overall twist 
sensitivity was decreased for this lower pump modulation level, as the lower trace 
shown in Figure 5.7(a). Obviously, this is because a higher pump power would 
provide higher gain for the laser system therefore only a shorter build up time is 
necessary. For a better interpretation of the results, we re-plot the results for twist 
applied in clockwise and anti-clockwise direction separately in Figure 5.7(b) and 
Figure 5.7(c). From these two figures we can see the system gives a near-linear 
response in the dynamic range ±140°, giving an estimated twist sensitivity of ~412 
µs/(rad/m). Under the current configuration, the resolution of the oscilloscope is 10 µs, 
the resolution of our proposed twist sensor is therefore ~ 0.02 rad/m. One need note 
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that the time scale resolution of the oscilloscope depends on the range i.e. 
second/division due to the limited record length of 2500 points at all time bases. More 
importantly, we see if the system is set at a defined position, i.e. at ±80° as shown in 
Figure 5.7(b) and Figure 5.7(c), the twist direction can be easily identified.     
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Figure 5.7 (a) Laser oscillation build-up time against twist angle for twist applied to 
clockwise and anti-clockwise direction for two different low modulation pump power 
levels, and re-plotted separately for (b) clockwise and (c) anti-clockwise direction to 
show the capability of identifying twist direction. 
One may notice that when the twist angle varies from -80° to -60°, there is an obvious 
jump for the build-up time, as shown in Figure 5.7 (a). This could be attributed to the 
experimental error from rotating the fibre in the laser cavity, as there is no such jump 
for rotation angle from 0° to +140°. This is because the rotation of the grating inside 
the cavity could physically affect the adjacent part of the cavity which may induce 
unwanted polarisation effect to the output. Including the reading errors determining 
the build-up time, the uncertainty of the experiment could be on the level of ~500 µs. 
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5.4 Fibre Laser Strain Sensor System Using an Ex 45º-TFG  
5.4.1 Introduction 
FBG based fibre strain sensors have been extensively studied due to their intrinsic 
advantages and wide applications in industry. Conventional FBG strain sensors are 
mainly based on wavelength shift monitoring. Furthermore, various other techniques 
have also been developed to interrogate FBG sensors. These include direct 
wavelength analysis [223-224], phase and delay measurement [225] and optical 
intensity monitoring [226].  
Although the passive detection of wavelength shift can offer smart solutions, the 
systems are still subjected to complexity. Normally, in this case, an additional light 
source is necessary. Active strain sensors using fibre laser configuration provide an 
alternative measurement method with higher signal to noise ratio while having a less 
complicated system. Ball et al demonstrated a laser strain and temperature sensor for 
single and multi point measurement [227]. A fibre laser using a chirped FBG and a 
mechanical strength enhanced FBG have been developed for high temperature 
measurement up to 300 ºC [228]. Another approach involves a semiconductor optical 
amplifier which can support multiple sensor heads for simultaneous multipoint 
measurement [229].  
Moreover, most of the active sensing systems rely on optical domain signal 
demodulation from which the cost is high. Time domain signal demodulation offering 
low system cost has been reported through integrating a conventional LPG in a linear 
laser cavity [230]. In this section, a fibre laser strain sensor incorporating an ex 45º-
TFG will be presented and discussed. In this fibre laser sensor system, low cost time 
domain signal demodulation is achieved by monitoring the build-up time of the 
modulated laser cavity.  
5.4.2 Experimental setup and sensing principle 
The set-up for the proposed fibre laser strain sensor system is shown in Figure 5.8(a). 
The ex 45º-TFG is mounted on a fibre stretcher. As illustrated in Figure 5.8, the fibre 
stretcher consists of two fibre clamps which hold the fibre firmly within a fixed length. 
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One fibre clamp is connected with a micrometer through which various strains can be 
applied. The pump LD is modulated by a square wave through a standard function 
generator at 5 Hz. The laser output is connected to a low noise photodiode, and the 
build-up time is measured via a two-channel digital oscilloscope (Tektronix 
TDS2012). 
 
 
Figure 5.8 Schematic configuration of ex 45°-TFG based laser strain sensor system. 
As mentioned in §5.3.2.3, the build-up time of the laser system is subject to the loss 
change of the cavity in a modulated laser system when gain and pump condition not 
varying. Because the ex 45º-TFG has spectral loss bands, when it is subjected to 
mechanical strain in the laser cavity, the loss band will then shift accordingly [114], so 
that the cavity loss is related with applied strain and the build up time of laser system 
will change correspondingly. Therefore the strain can be detected by monitoring the 
build up time of the laser system. 
5.4.3 Experimental results 
In the experiment, the same 79º-TFG as in §5.3 has been used. By tuning the 
micrometer, it can apply strain from 0 µε to 2000 µε on the 79º-TFG. When the 79º-
TFG is at 0 µε, the loss maximum in the laser cavity which gives out the longest 
build-up time. While the strain increases, the loss bands will have a blue shift [114] 
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thus decreasing the cavity loss which results in a shorter build-up time of the system. 
A typical laser output spectra change is illustrated in Figure 5.9(a).  
The system was firstly set the lower and upper level modulation pump at constant 
value of 14.6 mW and 112.4 mW individually. The build-up time was then measured 
for the strain applied on the 79º-TFG with an increment of 100 µε. The absolute build-
up time change against the applied strain on the 79º-TFG is depicted in Figure 5.9(b). 
From Figure 5.9(b) it can be seen that, initially when the 79º-TFG is under no strain, 
the laser cavity suffers the maximum loss therefore exhibiting the largest build-up 
time. The experiment was then repeated for a lower pump level at 24 mW. In the 
experiment, it was found that this laser strain sensor system will subject to the 
saturation of the applied strain for lower pump levels. However, the system saturates 
in a smaller strain range when the lower pump level is set at a high value. This is 
mainly because when the pump power becomes higher the gain of the system also 
increases. The gain increase would therefore reduce the system build-up time. 
Furthermore, as the strain increases, the system would suffer less loss hence reduce 
the build-up time. Thus, this high pump level induced gain increase and strain induced 
loss decrease could significantly reduce the sensitivity and measurement range of the 
system. For a better understanding of the experimental output, the results have been 
re-plotted in Figure 5.9, showing the linear range of the sensor response for two 
different lower pump levels – 14.6 mW (c) and 24 mW (d). It can be seen from the 
figure that, when the lower pump level is 14.6 mW, the sensor system can measure 
strain from 0 µε to 1000 µε with a linear responsivity of ~500 ns/µε. With the time 
scale resolution of 1 µs from the oscilloscope, the system gives out a resolution of ~ 2 
µε. The sensor then reaches its saturation point when the applied strain is over 1000 
µε. For lower pump level at 24 mW, the sensor is only capable of measuring strain 
from 0 µε to 500 µε with a linear strain responsivity of ~349 ns/µε, because the time 
scale resolution of the oscilloscope is 0.1 µs, the system gives out a resolution of ~ 
~0.3 µε. We need notice that, during the experiment, the time scale of the oscilloscope 
corresponding to different pump level is varied i.e. from 100 ns/div to 1 µs/div thus 
change the time base resolution from 0.1 µs to 1 µs. This resolution change along with 
reading errors may lead to the build up time uncertainty of ±5 µs and ±10 µs for lower 
pump level at 24 mW and 14.6 mW respectively. 
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Figure 5.9 (a) Typical output spectra when the 79º-TFG is under strain; (b) Laser 
oscillation build-up time against applied strain on 79º-TFG for two different lower 
modulation pump power levels. Re-plotted build-up time against strain for (c) lower 
pump level 14.6 mW with applied strain from 0 µε to 1000 µε (d) lower pump level 24 
mW with applied strain from 0 µε to 500 µε. 
  
5.5  Optical Loading Sensor Based on Single Polarisation Fibre Laser 
Incorporating an Intracavity 45º-TFG 
5.5.1 Introduction 
Optical sensors for loading measurement based on fibre grating technique have been 
extensively studied. Their fibre format and compact size are highly desirable in 
hazardous situations. FBGs fabricated in low-birefringence [231] and Hi-
birefringence [232] fibres have been demonstrated. Liu et al designed a fibre load 
sensor using an LPG inscribed in conventional and Hi-birefringence fibre [233]. 
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FBGs inscribed in multicore fibres have been reported for implementation of 
directional load sensors [234]. Directional load sensors using ex- 45º TFG has also 
been reported by Rui et al [235]. 
Yet, most fibre grating type loading sensors proposed so far are based on passive 
operation. They require external light source and optical spectrum analyser which 
would increase the cost of the system. In this section, a fibre laser using a 45º-TFG is 
proposed for load sensing purpose. 
5.5.2 Sensing principle  
According to §4.2.1, due to the polarising property of the 45º-TFG, fibre laser cavity 
incorporating an intracavity 45º-TFG could eliminate one polarisation state thus 
giving out single polarisation output. Since some degree of linear birefringence can be 
introduced when load is applied on silica fibre [236], the load can then alternate the 
intracavity polarisation state of a fibre laser. Within the laser cavity, the 45º-TFG 
works as a polarisation filter, therefore any variation of birefringence or polarisation 
in the laser cavity could change the laser output power. Hence, this laser system can 
be used as a load sensor.  
The principle of the sensor system can be described by Jones matrix method. 
 
   Equation 5.1    
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We may assume the single polarisation light inE
r
 travelling in the fibre laser cavity 
having a general format described in Equation 5.1 using Jones vector, where E is the 
amplitude of the light field, αtan  is the ratio between the x  and y  component of the 
electric field and φ  is the phase difference between the two orthogonal electric fields. 
The intensity of the input single polarised light is then given in Equation 5.2 by 
multiplying its complex conjugate. 
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Equation 5.2 2*ininin EEEI =⋅=
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In general situation, as shown in Figure 5.10, an elliptical polarised light travels in the 
laser cavity. The angle between the axis of the polariser i.e. 45º-TFG and the y axis is 
θ. Within the same coordinate system, the load applied on the fibre will produce linear 
birefringence in x direction.  
 
Figure 5.10 Birefringence induced by load applied to the fibre.  
 
As a consequence, the light undergoing linear birefringence in x direction could 
transform to : 
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 is the Jones matrix expression of the load induced phase change, 
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where l⋅= δτ  is the phase retardation due to the applied load and δ  is proportional 
to the load while l  is interaction length. By increasing the applied load, τ  can be 
varied between 0 and 2π. Therefore, we can write 
 
Equation 5.4  
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When the light passes through the polariser as shown in Figure 5.10, the following 
relationship applies: 
 
Equation 5.5 θθ cos'Esin'EE y_outx_outTrans ⋅+⋅=
rrr
 
Where TransE
r
 is the transmitted light after the polariser. By substituting Equation 5.4 
into Equation 5.5 we can get: 
 
Equation 5.6   
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Where θα sincos ⋅=K  and θα sinsin ⋅=M . We now define the logarithm 
transmission loss induced by the loading induced birefringence change as: 
 
Equation 5.7 )ln(
in
Trans
loss I
I
=
∗δ  
In an EDF laser, as it can be regarded as a quasi-three-level system, the output laser 
power can be written as in Equation 5.8 [184] : 
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Where µ  is the pump efficiency , bΩ  is the beam area in the active medium, Ω  is 
cross section area of the active medium, ν  is the frequency of the emitted photon, pν  
is the frequency of pump light, h is the Planck constant, l is the length of the active 
medium, N  is the total number of the population in the laser level and ground level, 
eε  is the effective stimulated emission cross section, aε  is the effective absorption 
cross section, δ is the total logarithm loss of the laser system including cavity loss and 
mirror loss, 2δ is the logarithm loss due to the output coupler of the laser system and 
τ is effective life time of the upper laser level. As in our laser system, only the 
intracavity loss varies while the loading changes, the other parameters are constant 
since the laser has a fixed setup. So, the output laser power is proportional to the 
birefringence change induced power loss. 
5.5.3 Experimental configuration 
The schematic of the laser sensor system is shown in Figure 5.11. The fibre laser 
consists of an EDFA, an isolator which ensures single direction oscillation, a PC, a 
circulator, a normal FBG as seeding wavelength, a 10:90 coupler and a 45º-TFG. 
Because the rest of the laser cavity is made of SMF-28, in principle, any part of the 
passive fibre before the 45º-TFG in the cavity can be used as a sensing element. The 
dotted circle in Figure 5.11 indicates the sensing fibre section. The sensing fibre has 
its plastic coating removed. The loading setup is shown in the dotted box with a 
stripped SMF28 fibre placed in parallel to the cavity fibre for balance. 
 
 - 165 - 
 
Figure 5.11 Schematic of the fibre laser loading sensor incorporating an intracavity 45º-
TFG. 
By switching on the EDFA, the laser gives out single wavelength output which is 
defined by the seeding FBG. The laser was optimised by adjusting the PC to maximise 
the output power. Figure 5.12 illustrates the typical output optical spectrum when no 
load is applied. 
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Figure 5.12 Typical output optical spectrum of the laser sensor. 
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When different loads were applied to the sensing fibre, the output power changes 
because of the alteration of polarisation state. The applied load has an increment of 
500 g. The measured output optical power change against the loading weight is 
plotted in Figure 5.13. From Figure 5.13, it can be seen that the measured 
experimental results correspond well to the theoretical calculation using Equation 5.8.  
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Figure 5.13 Measured output power change against loading weights 
Obviously, owing to the long cavity length, this laser operates in multimode regime. 
Mode competition may induce instability to the measured results. A single mode 
operated laser may be exploited for future work. According to the principle of this 
laser based sensor, any type of polarisation change in the laser cavity will result in 
output power variation. This implies that this laser sensor is also capable of doing 
twist sensing. This will be investigated in future work. 
5.6  Chapter Conclusions 
In this chapter, the ex 45º-TFG based liquid level sensor has been demonstrated 
successfully. The sensor proved to be sensitive to low index liquid (i.e water) in 
comparison with conventional LPGs. Both the air- and the water-surrounded fast-axis 
modes show a linear water level sensitivity of ~ 13 %/mm, while the air- and water-
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surrounded slow-axis modes exhibit a similar linear water level sensitivity of ~ 12 
%/mm. The resulting water level sensitivity is more than twice of an LPG based level 
sensor. For the air-surrounded mode, the grating is only sensitive between 3 mm to 10 
mm in a 12 mm long grating. For the water-surrounded mode, the measurement range 
is between 0 mm to 8 mm. Therefore, by observing both the water- and air- 
surrounded modes, the total water level measurement range can be 10 mm in a 12 mm 
long ex 45°-TFG. In general the measured liquid level is restricted to the length of the 
grating. The proposed liquid level sensor has smaller temperature cross responsivity 
compared to the LPG based sensor, temperature compensation scheme may not be 
necessary in some applications. 
With the incorporation of the ex 45º-TFG in fibre laser system, the laser output is 
encoded with the twist or strain applied on the ex 45º-TFG, as it introduces loss in the 
laser cavity. By monitoring the build-up time change of the laser, the system can be 
developed into a low cost sensor system with time domain signal demodulation. 
Using an oscilloscope, a photodiode and a function generator, the implemented 
directional twist sensor obtains a sensitivity of ~412 µs/(rad/m) with a dynamic range 
from -150º to +150º. With 10 µs resolution from the oscilloscope, the twist sensor 
implies a measurement resolution of ~0.02 rad/m. While when the laser used as the 
strain sensor, it demonstrates a sensitivity of ~500 ns/µε within the range of 1000 µε 
and ~349 ns/µε within the range of 500 µε. This implies a measurement resolution of 
2 µε and 0.3 µε individually depending on the oscilloscope resolution. As the 
sensitivity of the laser sensor system is related to the build-up time, further decreasing 
the pump power to lower level may increase the sensor sensitivity for both twist and 
strain sensing. However, longer time may result in tedious measurement procedure 
which is unwanted for some application. Optimisation of both types of sensing system 
will be for future investigation. 
The utilisation of 45º-TFG in a fibre laser system and applying load to the laser cavity 
fibre, the laser output can then be encoded with the load. This type of laser sensor 
system can be at low cost and very robust. The experimental results correspond well 
with our theoretical simulation. The sensing principle also indicates that the proposed 
system may be able to perform twist sensing.  
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Chapter 6  
 
 
 
 
Conclusions and Future Work 
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6.1 Fabrication an characterisation of 45º-TFGs and ex 45º-TFGs 
This thesis details a systematic investigation on the fabrication, characterisation and 
application of a range of novel types of fibre gratings named 45º-TFGs and ex 45º-
TFGs. For the first time, the fundamental limit on inscribing strong 45º-TFGs has 
been analysed, which is vitally important in guiding the design and fabrication 
condition for 45°-TFGs and ex 45°-TFGs with strong or controllable polarisation 
property. For the characterisation, both spectral and polarisation properties of 45º-
TFGs in standard single mode fibres have been examined and analysed thoroughly. At 
1.55 µm, three methods using single wavelength, broadband wavelength and a 
commercial toolkit have been developed to characterise 45º-TFGs. While at 1.06 µm, 
due to the availability of the equipment, only single wavelength measurement has 
been carried out. The most important results clearly show 45°-TFGs can be made with 
intrinsically high PDL, thus behaving as an in-fibre polariser. Thermal dependency is 
quite low for this type of grating from which PDL would decrease by a small amount 
when annealing at 80ºC. One major contribution is the observation of SBR from a 
45º-TFG and a brief theoretical interpretation of this effect has been given. In addition, 
our evaluation on thermal response has shown the thermal responsivities of ~9.95 and 
~9.47 pm/ºC for the ghost mode and SBR, respectively in the 45°-TFG. The SBR also 
shows high PDL which could serve as a polarising Bragg wavelength seed grating. 
The RI responses of 45º-TFGs have been investigated, showing that by applying 
proper RI coating, the performance of the 45º-TFG can be improved showing smooth 
PDL response curve.  
 
Another contribution of this thesis is the initial exploration of inscription of the 45º-
TFGs at 1.06 µm region, and more importantly for the first time, inscription of 45º-
TFGs in PM fibres has been investigated. Two types of commercial PM fibres have 
been examined for 45º-TFGs inscription. In the commercial PM fibre, due to its low 
photosensitivity which is similar to standard telecom fibre, inscription of strong 45º-
TFGs is usually not expected. Furthermore, another major difficulty in inscribing 45º-
TFGs is the orientation of inscription owing to the intrinsic asymmetry of the PM 
fibres. With high UV radiation, reproducible 45º-TFGs with PDLs up to ~16 dB for 
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slow-axis inscription and ~8 dB for fast-axis inscription have been achieved 
successfully, while 45º-orientated inscription is generally difficult to obtain high 
PDLs. We have also developed a paraxial ray tracing analysis to explain the difference 
of achieved PDLs between fast- and slow-axis inscription.  
 
As for ex 45º-TFGs, fabrication and characterisation have only been done with 
inscription in H2 loaded SMF-28 fibres. This type of grating shows PM-LPG like 
behaviour. It exhibits polarisation mode splitting effect indicating strong birefringence 
has been induced through this excessively tilted grating structure. Compared to 
conventional FBGs and LPGs, the ex 45º-TFGs show significant lower thermal 
responsivites, which is an advantage as the thermal cross-sensitivity to some 
applications would be significant. For RI response, it is found that at longer 
wavelength, the coupled higher order cladding modes present higher sensitivities. It’s 
RI response range is around 1.32 to 1.38. This range is complementary to the 
conventional LPGs, since the latter tend to be sensitive to RI close to that of the fibre. 
 
6.2 Application of 45º-TFGs and ex 45º-TFGs 
6.2.1 Application in fibre lasers 
As a consequence of achieving successful inscription of 45º-TFGs and ex 45º-TFGs, 
various applications with these novel grating structures have been explored. One 
major domain is the application of both types of grating in fibre lasers. Utilisation of a 
single 45º-TFG in a fibre ring laser cavity has shown great improvement of DOP (~ 
99.9 %) in conventional fibre ring laser configuration, giving almost single 
polarisation output. Without the integration of the 45°-TFG intracavity polariser, the 
output of the conventional fibre laser is nearly randomly polarised as the measured 
DOP is only ~ 22.6 %. This single polarisation laser also showed stable performance 
of the high DOP output with a variation of ~ 0.2 %. Because an external FBG was 
used as a wavelength seed, it was possible to tune the output laser wavelength by 
applying strain to the FBG, which has been demonstrated. A lower slope efficiency is 
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expected compared to the conventional fibre ring laser structure as some loss was 
induced by the integration of the 45º-TFG. An improved version of this laser is the 
utilisation of the SBR of the 45º-TFG. Using a single 45º-TFG with SBR, stable single 
wavelength, single polarisation fibre ring laser can be constructed. The output light 
showed high DOP ( ~ 99.9 %). With similar capability of tuning, this laser has an 
improved slope efficiency of ~13.9% which is comparable to standard fibre ring laser 
using a single FBG for seeding. 
 
By combining the polarisation and spectral properties of both 45º-TFG and ex 45º-
TFG, single polarisation and multiwavelength switchable fibre lasers have also been 
demonstrated. Initially, a dual wavelength fibre laser using one 45º-TFG and one ex 
45º-TFG was implemented. This laser showed the capability of dual wavelength 
switching. The stable output also gave high DOP ( ~99.9%). A further extended 
version of fibre laser using one 45º-TFG and two ex 45º-TFGs was constructed and 
able to support single polarisation and switchable quadruple wavelength output with 
high DOP performance. As mentioned above, due to the intrinsic loss properties of the 
gratings, high slope efficiency was not expected for the multiwavelength fibre lasers. 
 
Another major contribution of this thesis is the novel application of 45º-TFG in the 
area of nonlinear photonics. For the first time, a 45º-TFG was used in a fibre ring 
laser cavity to facilitate NPR based mode locking at 1.55 µm region. By properly 
adjusting the intracavity polarisation controllers, stable soliton pulse solution output 
was achieved.  At 1553 nm, the laser could give output pulses with ~600 fs pulse 
duration. The laser showed a repetition rate of ~10.34 MHz with 12 mW output power. 
The output pulse had a FWHM of ~9 nm while the pulse energy was estimated to be 
~1 nJ. A high time bandwidth product (~0.6) indicated the output pulse was chirped 
for which properly design of the fibre laser could give out transform limited pulses. 
The mode locked laser also offered a certain degree of tunability from 1548 nm to 
1562 nm when adjusting the intracavity polarisation controllers. Overall, this laser 
represents a solution of robust design, all fibre format and compact configuration of a 
mode locking ultra-short pulse fibre laser. 
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6.2.2 Application in fibre sensors 
Based on the PDL properties, both 45º-TFGs and ex 45º-TFGs have been further 
developed into various sensor systems. An ex 45º-TFG has been developed into a 
liquid level sensor which provides sensing capability in lower RI range (≈ 1.33). This 
compensates the drawback of LPG based level sensor from which only RI >1.4 can be 
detected more effectively. The ex 45º-TFG based liquid level sensor also shows 
sensitivity of more than twice of an LPG based level sensor. Furthermore, the ex 45º-
TFG based level sensor exhibited much lower thermal cross sensitivity compared to 
an LPG. However, the sensing range was limited by the length of the ex 45º-TFG.  
 
By incorporating the ex 45º-TFGs into a fibre laser cavity, fibre laser based twist and 
strain sensors have been demonstrated. Differently to the conventional optically 
resolved method, this laser based sensor used time domain signal demodulation 
technique to achieve low cost interrogation with high sensitivity. For the twist sensor, 
it showed a sensitivity of ~412 µs/(rad/m) within ±140º dynamic range. With the 
available equipment, this corresponds to a measurement sensitivity of ~0.02 rad/m. It 
was also demonstrated that if the system was preset at a defined position such as ±80º, 
the sensor could perform direction identification as well as twist measurement. For 
strain measurement, the sensor showed a linear responsivity of ~500 ns/µε from 0 µε 
to 1000 µε when the proper pump level was chosen. This corresponds to a 
measurement resolution of ~2 µε. Because a modulated pump signal was using in the 
laser sensor, the sensitivity of the sensors would also have dependency on the 
modulation frequency and upper and lower level of the pump power.  
 
Finally, the 45º-TFG based single polarisation fibre laser has been applied as an all 
fibre loading sensor system. It has been shown that applied loading in the laser cavity 
would change the birefringence of the cavity fibre, therefore, the polarisation of 
propagating light. It thus modulates the cavity loss by means of alternating the 
intracavity polarisation. The experimental results corresponded well to our theoretical 
calculation.  
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6.3 Suggested Future Work 
The work in this thesis suggests many interesting directions to study in the future. In 
this section, a selected number of topics are briefly discussed. 
6.3.1 45º-TFG based in-fibre Lyot filter 
Optical filters are important in various applications. Clearly, conventional FBGs and 
LPGs have been widely applied as optical filters. So far, TFGs exhibiting strong 
coupled cladding or radiation modes behaviour have not found many applications as 
optical filters. It is of interest to explore TFGs for novel filtering functions.  
 
Lyot filter is a kind of optical filter consisting of a series of birefringent plates and 
polarisers. The light transmitting in a birefrigent plate can be regarded as containing 
two orthogonal polarisation components which undergo a different phase delay. This 
phase delay of the two polarisation components has wavelength dependency. 
Therefore, the transmitted optical power is wavelength dependent. 
 
As the PM fibres are ideal in-fibre birefringent plates and 45º-TFGs are in-fibre 
polarisers, an all fibre Lyot filter made with a PM fibre sandwiched between a pair of 
45º-TFGs could be achieved. By properly choosing the birefringence i.e. length of PM 
fibre between the two 45º-TFGs, an all fibre Lyod filter with various filter bandwidths 
can be achieved. The proposed all fibre Lyod filter could offer compact, robust design 
in various applications such as signal processing and fibre lasers. 
 
6.3.2 Detailed investigation of SBR in 45º-TFG and its application in fibre 
sensors 
The observation of SBR of 45º-TFGs opens a new direction in the field of tilted fibre 
gratings. Although this thesis has presented some of the initial explanation and 
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primary results of this effect, further investigation will be of interest. Detailed 
information such as inscription condition for controllable SBR should be further 
studied. Moreover, SBR in TFGs with tilted structure at other angles (not at 45°) may 
be investigated in the future in order to understand this effect and explore its 
applications.  
 
As in this thesis, only brief characterisation has been done of the SBR phenomenon. 
However, it is already found that this SBR exhibits some similar properties to the 
conventional FBG. Due to its unique polarising function, this may serve as a sensing 
element. Combined with conventional FBG or/and LPG, a comprehensive sensing 
system with multi-function may be achieved. 
 
6.3.3 All normal dispersion high energy fibre laser incorporating a 45º-
TFG at 1.06 µm  
Fibre laser is one of the most rapidly developing areas of research. High energy fibre 
lasers are always of great interest. Recently, all normal dispersion fibre lasers which 
give out high energy mode locked pulses have attracted a lot of attentions [198-199]. 
Since the implementation of 45º-TFG in mode locked Erbium doped fibre soliton 
laser has been successfully presented in this thesis, it will be interesting to see the 
behaviour of such gratings under high energy circumstance. Currently, all normal 
dispersion fibre lasers all use bulk optics which undoubtedly increases the difficulties 
of optics alignment and induce excess insertion loss. We believe that the robustness, 
compactness and all-fibre format of the 45º-TFGs will make contribution to the new 
development of fibre lasers. 
 
More additions to this section are possible. TFGs with unique cladding mode and 
polarisation features begin to emerge in the fibre sensors and lasers domain with 
superior performances. Moreover, the nonlinear properties of TFGs may identify them 
as novel platform for nonlinear dynamics research.  
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Appendix 
 
This section shows the detailed information on the fibres used for the work of this 
thesis. 
 
1. Standard single mode fibre 
 
2. Photosensitive single mode fibre 
Product code PS1250/1500 Manufacture Fibercore 
Ltd 
cutoff wavelength < 1260 nm Core Diameter N/A 
Mode Field 
Diameter 
@1550 nm,9.6 µm Cladding 
Diameter 
125 ±1 µm 
Attenuation @1550 nm,120 
dB/km 
Coating Diameter 245± 5% 
µm 
Numerical 
Aperture 
0.12 - 0.14   
 
3. Polarisation maintaining fibre-PM125L 
Product code 552  HPWR 037 Manufacture OFS 
Specialty 
Photonics 
Division 
cutoff wavelength 1024 nm Core Diameter 7.5 µm 
Mode Field 
Diameter 
@1060 nm, 7.7µm Cladding 
Diameter 
125 µm 
Attenuation @1150, <1 dB/km Coating Diameter 247 µm 
Birefringence 4.3×10-4   
Numerical 
Aperture 
0.11   
 
Product code SMF 28 Manufacture Corning 
Inc. 
Cutoff wavelength ≤1260 nm Core Diameter 8.2 µm 
Mode Field 
Diameter 
@1550 nm, 10.4 
±0.8µm 
Cladding 
Diameter 
125 ±1 µm 
Attenuation @1150, <1 dB/km Coating Diameter 245± 5 µm 
Numerical 
Aperture 
0.14   
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4. Polarisation maintaining fibre-Truephase 980 
Product code #F9920-01 Manufacture OFS 
Specialty 
Photonics 
Division 
cutoff wavelength <970 nm Core Diameter 4.8 µm 
Mode Field 
Diameter 
@980 nm, 6.6±1.0µm Cladding 
Diameter 
125±1.0µm 
Attenuation @980nm, 1.32 dB/km Coating Diameter 250±10µm 
Beat Length @980 nm, ≤2.8 mm   
Numerical 
Aperture 
0.13   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
